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ABSTRACT 
 
Piezoelectric ceramics have been widely used in the commercial applications of actuators, 
sensors, etc. Nowadays, Pb(Zr,Ti)O3-based (PZT) ceramics, which contain ≥ 60 wt.% of lead, 
dominate the market due to their excellent electromechanical properties. The large electric field 
induced polarization and strain developed in PZT piezoceramics are intimately related to the 
morphotropic phase boundary (MPB). This has been attributed to the coexistence of tetragonal 
and rhombohedral perovskite phases. However, toxic lead severely threatens the environment 
and human health, as a significant amount of lead is released into the air during the fabrication 
and disposal. Thus, there is an urgent demand worldwide to develop new kinds of green 
materials, lead-free ceramics, to replace the PZT lead-based compositions with comparable 
electrical properties. For the past decade, the study has been focused on the BaTiO3-based (BTO), 
(K0.5Na0.5)NbO3-based (KNN), and (Bi1/2Na1/2)TiO3-based (BNT) solid solutions. Despite the 
extensive efforts worldwide, the performances of lead-free materials have yet to reach the level 
of PZT ceramics.   
In this thesis research, new chemical modifications have been explored and introduced to 
the lead-free compositions. It is elucidated that the dielectric, ferroelectric and piezoelectric 
properties are associated with the phase presence and microstructure. Therefore, understanding 
the structure behavior is the key to enhance the electrical properties efficiently. Usually, the 
bottleneck for industry application of lead-free materials is the narrow working temperature 
range, the weak piezoelectric response and the low electric field induced strain. It is well known 
that the best way to overcome these shortcomings is to form a solid solution by combining two 
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different compounds. Another common way is to decrease the grain size to a submicron level. 
The results from this dissertation demonstrate that the (Bi1/2A1/2)TiO3 type doping compounds (A 
= Ag, Li, Na, K, Rb, Cs) in BTO ceramic stabilize the tetragonal phase and increase the Curie 
temperature (TC). Meanwhile, in BNT-based systems, La modification transforms the structure of 
(Bi1/2Na1/2)TiO3-BaTiO3  (BNT-BT) from rhombohedral R3c phase with micron-sized complex 
domains into a coexistence of rhombohedral R3c and tetragonal P4bm phases with nanodomains. 
Large electric field-induced strains (S) and temperature-stable dielectric permittivity at high 
temperatures are also revealed. Since chemical modified (Bi1/2Na1/2)TiO3-(Bi1/2K1/2)TiO3 (BNK-
BKT) piezoceramics develop the largest electrostrain among lead-free solid solutions, the 
electrical properties and microstructure evolution under the electric field in Nb and Sr co-doped 
BNT-BKT ceramics have been systematically studied. Giant electrostrains, which we believe are 
the largest value reported in lead-free polycrystalline ceramics, and their correspondingly high 
normalized strain d33* (Smax/Emax) were observed. The origin of this abnormally large 
electrostrain is attributed to the reversible phase transition between the ferroelectric phase with 
aligned lamellar domains and the ergodic relaxor phase with randomly orientated nanometer 
sized domains under the electric field, according to in-situ transmission electron microscopy 
examinations. In addition, the introduction of donor dopant Ta to simplify the composition, 
instead of Nb and Sr, into the BNT-BKT system results in enhanced piezoelectricity with large 
strain comparable even to that of lead-free single crystals.   
The phase presence and microstructure of modified ceramics, revealed by X-ray 
diffraction, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
examinations, are affected by chemical modifications and further correlate to the electrical 
properties. Thus, understanding the phase transition and domain configuration helps to develop 
ix 
 
lead-free candidates with piezoelectric properties comparable to lead-containing materials. 
Furthermore, in-situ TEM technique is introduced to study the real time domain evolution under 
electric field.
1 
 
CHAPTER 1. INTRODUCTION 
 
1.1 Background and motivation 
Piezoelectric materials, which possess the ability to convert electrical energy to 
mechanical and vice versa, have been widely used in commercial applications such as sensors 
and actuators, etc.
1,2,3 
In these materials, polarization develops in response to an external 
mechanical stress, or conversely, strain can be generated from an applied electric field.
1,4
 In the 
past several decades, the piezoceramic market has been dominated by Pb(Zr,Ti)O3-based (PZT) 
materials due to their low cost and outstanding properties.
1
 The best electromechanical properties 
are found in compositions which are close to the so-called morphotropic phase boundary (MPB), 
where multiple phases coexist.
1,5
 Compared to other materials, PZT-based ceramics are much 
more sensitive and efficient in electrical-mechanical energy conversion and offer high chemical 
and thermal stability as well as high frequency operation.
4
 However, PZT contains over 60 wt. % 
lead which releases a significant amount of toxic Pb into the atmosphere during processing and 
waste disposal.
2
 This severely threatens the environment and the health of humanity. Nowadays, 
many countries in Europe have enacted legislation to limit the usage of PZT lead-based materials 
and support the development of lead-free piezoceramics instead.
6
  
Due to the large market demand and the environmental concern, there has been a 
significant increase in worldwide research on lead-free piezoelectric ceramics during the past 10 
years.
2
 A recent literature survey reveals the developing trend of green piezoelectric materials 
research (Figure 1).
3
 The compositions competing to replace PZT-based ceramics can be divided 
into three groups: the alkali-niobium-based (K,Na)NbO3 (KNN), bismuth-alkali-based 
(Bi1/2Na1/2)TiO3 (BNT), and other compounds.
2,3
 However, despite of the impressive progress 
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made on this urgent front, lead-free compositions with properties comparable to PZT have not 
yet been identified.
2,7
 The KNN system presents a high piezoelectric response and wide working 
temperature range but needs special fabrication processes to combat porosity, e.g. high-cost hot 
isostatic pressing (HIPing).
8,9,10
 Although BNT-based ceramics synthesized by the conventional 
solid solution reaction method result in densified specimens, their properties are not as good as 
KNN-based ceramics.
11,12
 There are typically two main strategies used for enhancing the 
properties of lead-free materials: adding dopants for composition modification and optimizing 
processing conditions. 
 
 
 
Figure 1.1. Publications per year on lead-free piezoelectric ceramics in peer 
reviewed journals.
3
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BaTiO3 (BTO) polycrystalline material was the first piezoelectric ceramic to be 
discovered with the perovskite structure, displaying a piezoelectric coefficient d33 of 190 pC/N at 
room temperature.
1,13,14
 Because of the low cost of raw materials, easy fabrication, stable 
chemical properties, and relatively high d33 values BTO has become one of the most popular 
functional materials and is primarily used in multilayer ceramic capacitors.
1,15
 In the past decade, 
several groups have demonstrated extremely high values of piezoelectric coefficient d33 (350 
pC/N, 460 pC/N, and 788 pC/N at room temperature) in BaTiO3 polycrystalline ceramics from 
hydrothermally synthesized nanoscale powders.
16,17,18
 These d33 values have even exceeded those 
of PZT ceramics. It has been demonstrated that the smaller grains in these BTO ceramics support 
tiny ferroelectric domains, which explain the high d33 values measured in BTO.
16,17
 These new 
discoveries suggest that advanced synthesis methods could produce high-performance lead-free 
piezoelectric ceramics. 
Even though the d33 values of BaTiO3 ceramics are comparable to Pb(Zr,Ti)O3, BTO has 
a much lower Curie point of 130
 o
C. This results in a narrow working temperature range, which 
severely hinders BTO’s application in engineering devices.7 It has been proven that the 
perovskite structure of ABO3 compounds can be modified by A- or B-site cation substitution to 
form solid solutions with a broad range.
19
 In the Ca/Zr co-modified BTO compositions, the 
highest d33 values can reach is 620 pC/N, which is one of the largest values measured for a 
polycrystalline lead-free ceramic prepared by conventional solid solution reaction method.
20
 Its 
piezoelectric coefficient has been significantly raised at the expense of a decrease in TC to about 
90 
o
C, indicating the Curie temperature has a limited impact on BTO’s d33 value. Thus, this 
suggests that A- or B-site cation modified BaTiO3 can retain its d33 value at a much higher TC. 
4 
 
Hopefully, the Curie temperature (TC) of BTO can be shifted to above 200 
o
C, which is higher 
than most devices’ working temperatures, with minor lead-free chemical modifications and no 
loss in piezoelectric properties.  
The nature of the morphotropic phase boundary is still under debate, but nevertheless, 
Pb(Zr,Ti)O3 compositions at MPB display ultrahigh dielectric and piezoelectric properties.
1
 
These high values have been attributed to the coexistence of multiple phases, the presence of a 
low-symmetry monoclinic phase, and the formation of nanometer-sized ferroelectric 
domains.
1,5,21
 The addition of acceptor and donor dopants into these MPB compositions have 
resulted in a variety of functional piezoelectric ceramics with outstanding tailored properties. 
The most important feature of these modified Pb(Zr,Ti)O3 MPB ceramics is a temperature 
independent composition-induced rhombohedral/tetragonal phase transition.
1
 The stable physical 
and chemical properties of PZT compositions at high temperatures ensure that these materials 
may be irreplaceable in some applications. One important chemical dopant is lanthanum, which 
introduces excellent electro-optic properties and a relaxor behavior into PZT ceramics.
22,23,24,25
 
Microstructurally, La addition destroys the long range ferroelectric order in the rhombohedral 
R3c phase forming nanometer-sized domains which can be easily reoriented under electric 
field.
26,27
 As a consequence, abnormally high piezoelectric coefficients (in excess of 700 pm/V) 
and large electric field-induced strains are observed in these ceramics.
26,27
  
Previous research has claimed that (Bi1/2Na1/2)TiO3-BaTiO3 (BNT-BT) solid solutions are 
among the most promising systems to replace PZT-based piezoceramics due to their excellent 
piezoelectric properties and large working temperature range.
2,28
 Our group’s recent work has 
identified the microstructural mechanism for the BNT-BT system by in-situ TEM technique. 
This characterization method is powerful because the real-time polarization alignment process 
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during electrical poling is essential to understanding piezoelectricity.
29,30
 In these studies, phase 
and domain morphologies have been investigated as a function of composition,
12,31
 
temperature,
29
 and electrical poling field.
30,32
 The use of in-situ TEM technique has clarified the 
composition induced transitions from the monoclinic Cc, to rhombohedral R3c, to tetragonal 
P4bm, and to tetragonal P4mm phases in the unpoled state at ambient conditions, and has also 
clarified temperature induced transitions from ferroelectric, to relaxor anti-ferroelectric, to 
normal anti-ferroelectric, and finally to paraelectric phases. 
 
 
 
Figure 1.2. The poling field Epol vs. composition x phase diagram for 
polycrystalline (1-x)(Bi1/2Na1/2)TiO3-xBaTiO3 (BNT-100xBT) 
ceramics as determined by in-situ TEM analysis.
32
  
 
 The newly updated phase diagram based on these observed transformations in BNT-BT 
is shown in Figure 1.2. The intermediate P4bm phase displays nanometer-sized polar domains 
with typical relaxor behavior and can be poled to be piezoelectric with a d33 of around 165 
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pC/N.
33
 To preserve the nanometer-sized domains of the P4bm phase, the poling field has to be 
below the critical field of the phase transition. Therefore, the low poling field may have 
compromised the full development of piezoelectricity.
32
 The presence of a ferroelectric R3c 
phase in the BNT-BT binary system with BT content between 4% and 5% attracts our 
attention.
30,32
 From the recent updated phase diagram, it’s clear that the rhombohedral phase is 
stable against the poling field and does not experience any phase transition prior to the dielectric 
breakdown.
30
 Ultimately, the nanometer sized domain morphology seen in BNT-BT 
compositions with high d33 is a promising sign for future piezoelectric ceramic research due to 
the comparison with La-modified Pb(Zr0.65Ti0.35)O3 ceramics, which also show domain sizes on 
the nanometer scale.  
Among the most promising lead-free solid solution families, as mentioned above, 
bismuth-alkali titanate-based system develops the largest strain under an electric field and is 
particularly beneficial to applications in actuator devices. Zhang et al. first introduced 
(K0.5Nb0.5)NbO3 compound into (Bi1/2Na1/2)TiO3-BaTiO3 (BNT-BT) binary system, resulting in a 
giant electrostrain as high as 0.45%.
34
 Since then, extensive research has focused on the chemical 
modified BNT-BT-based piezoceramics, including the isovalent dopants,
35
 donors,
36
 and 
compounds,
37
 in order to achieve remarkable electric field induced strains. It should be noted that, 
in BNT-BT-KNN ceramics, the largest electrostrains are always achieved in the S vs. E 
hysteresis loops with a sprout shape, which is different from the traditional ferroelectric strain 
curves with a butterflied shape (shown in Figure 1.3). According to our recent study, BNT-6BT 
at its virgin state is a non-ergodic relaxor, and then transforms to a ferroelectric upon a 
sufficiently large electric field where the randomly orientated domains in the nanoscale are 
aligned into microscale.
12,31,32
 This phase transformation is irreversible as the induced 
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ferroelectric phase persists as long as the material stays at a temperature lower than the 
depolarization temperature, Td. In contrast, the addition of KNN lowers the Td in the BNT-BT 
system, leading to an ergodic relaxor phase at room temperature. Thus, under unloading of the 
electric field, the high field induced large ferroelectric domains vanish and transform back to the 
randomly distributed nanodomains without macroscopic polarization, resulting in a reversible 
phase transition.
37
 It is assumed that the large electrostrain is attributed to this reversible 
ferroelectric to ergodic relaxor phase transition owing to their comparable free energies.
34
 
Materials with this feature are categorized as a new class of incipient piezoceramics. 
  
 
Figure 1.3. The identity of the electric-field-induced phase transition 
observed in 0.94BNT-0.06BT (left) and 0.02BNT-0.06BT-
0.02KNN (right). FE, NR, and ER denote ferroelectric, non-
ergodic relaxor, and ergodic relaxor phase, respectively.
38
 
 
Although large electrostrain has been developed in the BNT-BT-KNN system, the 
required electric fields are close to the dielectric breakdown strength or the required voltage 
exceeds the operation limit of actuator devices, which also indicates a low converse piezoelectric 
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coefficient d33*. It seems that (Bi1/2Na1/2)TiO3-(Bi1/2K1/2)TiO3 (BNT-BKT) solid solutions 
present better piezoelectric performance compared to BNT-BT when d33* is concerned.
39,40,41 
Thus, more attentions have been attracted on developing both large electrostrain and d33* in 
chemical modified BNT-BKT system.
42,43
 It has been reported that the incorporation of Sr to 
BNT-BKT reduces the Td.
44
 In the meantime, the donor dopant of Nb seems to suppress the 
oxygen vacancies formation and transform the phase of the ceramic to a pseudocubic relaxor 
phase by reducing the lattice distortion.
45
 Thus, the introduction of Sr and Nb in BNT-BKT 
compositions benefits their piezoelectricity which results in ultrahigh strain.
46
 However, the 
processing conditions need to be optimized and the doping concentration requires fine tuning to 
achieve extremely large strain. In addition, there are six cations in Nb and Sr co-doped BNT-
BKT making this system complicated. This may lead to difficulties in production with 
reproducible properties. The recent study manifests that Ta doping in (Bi1/2Na1/2)TiO3-based 
compositions behaves the same as the combination of Nb and Sr dopants, reducing Td and 
enhancing the electrostrain.
47,48
 Therefore, Ta, instead of Nb and Sr, modified BNT-BKT is 
included in the thesis research. Furthermore, since the severe degradation of polarization and 
strain is usually accompanied with electrical cycling in lead-free piezoelectric ceramics, the 
evaluation of the fatigue behavior is crucial for the studied materials to be considered as 
candidates for actuator applications. 
 
1.2 Dissertation organization 
In this dissertation, the research is focused on the design and development of new lead-
free piezoelectric functional materials with properties approaching to Pb(Zr,Ti)O3 ceramics. A-
site doped BaTiO3, La modified (Bi1/2Na1/2)TiO3-BaTiO3, Sr and Nb co-doped (Bi1/2Na1/2)TiO3-
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(Bi1/2K1/2)TiO3 and Ta modified (Bi1/2Na1/2)TiO3-(Bi1/2K1/2)TiO3 solid solutions have been 
thoroughly investigated. Crystal structure and the microstructure evolution are studied by X-ray 
diffraction, scanning electron microscopy, and in-situ/ex-situ transmission electron microscopy. 
Dielectric property vs. temperature curves, polarization and strain hysteresis loops, and fatigue 
behavior are also evaluated in this study. Crystal symmetry and sub-grain microstructure are both 
fundamental to materials science and directly affect the physical and chemical properties of the 
material. Thus, the relationship between the electrical performances and the correlated structure 
and phase evolution is systematically investigated and discussed.  
Chapter 2 presents an overview of piezoelectricity and ferroelectricity and the related 
concepts. Following this is an introduction to the applications of piezoelectric ceramics. The 
literature review for the BaTiO3-based solid solutions and (Bi1/2Na1/2)TiO3 related solid solutions, 
including (Bi1/2Na1/2)TiO3-based, (Bi1/2Na1/2)TiO3-BaTiO3-based, and (Bi1/2Na1/2)TiO3-
(Bi1/2K1/2)TiO3-based systems, is also provided in this chapter.  
In Chapter 3, experimental procedures are described, including ceramic fabrication, 
crystal and microstructure characterization, and electrical property measurements. In addition, 
the TEM specimen preparations and connection, and equipment setup of the special electric field 
in-situ TEM technique is illustrated in detail.    
Chapter 4 is an article published in the Journal of the American Ceramic Society. The 
crystal structures, dielectric, ferroelectric and piezoelectric properties of the A-site modified 
BaTiO3 ceramics, fabricated via solid solution reaction method, were investigated. The dopants 
effect on Tc and d33 has also been evaluated.   
Chapter 5 is an article published in the Journal of the European Ceramic Society. In this 
chapter, the study is focused on La modified (Bi1/2Na1/2)TiO3-BaTiO3. The crystal structure, 
10 
 
domain morphology and electrical properties were systematically investigated. The introduction 
of La in BNT-5BT induces composition dependent phase transitions from a normal ferroelectric 
to a non-ergodic relaxor and then to an ergodic relaxor and further affects the electrical 
properties.  
Chapter 6 is a manuscript currently under review with Advanced Materials. Based on the 
fabrication procedure mentioned in Chapter 4 and 5, the processing conditions for Sr and Nb co-
doped BNT-BKT ceramics are optimized and the composition is finely tuned. Abnormally large 
strain is recorded which is even comparable to single crystals’ values. Electric-field in-situ TEM 
is performed to investigate the origin of this large strain. 
Chapter 7 is a manuscript submitted to Applied Physics Letters. Similar to the work in 
Chapter 6, the chemical modification Ta, instead of Nb and Sr, is introduced into the BNT-BKT 
system. The electrical properties and the fatigue behavior are studied. Large electrostrain, 
comparable to the result in Chapter 6, and excellent fatigue resistance are observed.  
Chapter 8 summarizes the main conclusions of this dissertation and proposes work for 
future investigation.    
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CHAPTER 2. LITERATURE REVIEW 
 
This research dissertation mainly focuses on the design and development of BaTiO3-based and 
(Bi1/2Na1/2)TiO3-based piezoelectric ceramics and the evolution of electrical properties and the 
correlated crystal structure and domain morphology with chemical modifications. In this chapter, the 
fundamental terms and concepts are introduced briefly, including piezoelectricity, ferroelectricity, etc. 
Then, the applications, with their working mechanisms for these kinds of materials, are presented. 
Finally, a comprehensive literature review is presented on the most promising lead-free functional 
piezoelectric ceramics in the BT and BNT systems.    
 
2.1 Piezoelectricity 
Piezoelectricity is the electromechanical coupling between mechanical stress (σ) and electric 
polarization (P).
1
 The direct piezoelectric effect is understood by the generation of the polarization in 
response to applied mechanical stress: 
Pi = diklσkl                                                                      (2-1)            
where d is the piezoelectric coefficient. Since polarization is a vector and stress is a second rank 
tensor, three directions are involved in the piezoelectric coefficient.  
For the converse piezoelectric effect, the strain (S) is related to the external electric field 
(E): 
Sij = dijkEk                                                                        (2-2) 
Similar to the direct piezoelectric effect, strain is a second rank tensor, and electric field 
is a first rank tensor; therefore, the converse piezoelectric coefficient is still a third rank tensor. 
In general, there are 3
3
 = 27 tensor components, as the stress tensor (same for strain) has the 
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properties of σkl = σlk, thus it can be reduced to 18 independent components. And therefore the 
piezoelectric coefficient can be represented by a 3 x 6 matrix. This leads to the reduction of dikl 
to dij where i = 1-3, and j = 1-6.
2
 The first subscript for d represents the direction of polarization 
generated by the external force, while the second subscript indicates the direction of the applied 
stress due to the direct piezoelectric effect. Alternatively, the first subscript of d, considering 
equation 2-2, refers to the generated strain in response to the applied electric field, and the 
electric field’s direction is represented by the second subscript. From the two equations above, it 
is obvious that the units of d are (C/N) or (m/V), which are equivalent to each other. In the as-
prepared state, the polycrystalline ceramics are isotropic without any macroscopic polarization 
due to the randomly orientated grains. Piezoelectricity must be induced through external 
stimulation. This will be discussed in the next section.      
 
2.2 Ferroelectricity  
2.2.1 Definition and symmetry requirement 
Ferroelectric ceramics are some of the most important functional piezoelectric materials. 
Ferroelectricity is defined as the property of materials that demonstrate spontaneous electric 
polarizations where the polarity direction can be re-orientated by the electric field.
1
 This 
phenomenon exists in many crystals and can be discovered by structure analysis tools such as X-
ray diffraction.  
Obviously, because a ferroelectric material must show a polar nature, this means the 
electric dipoles are present. Thus, only certain crystal structures may be ferroelectric, where 
positive and negative charge centers are separated in the unit cell. However, the mere existence 
of the dipole cannot guarantee ferroelectricity. In some cases, the polarity cannot be reversed by 
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an applied field, i.e. the required electric field to reverse the orientation of the dipoles is higher 
than the breakdown strength.
1
 The relationship between piezoelectricity, pyroelectricity, and 
ferroelectricity from a symmetry perspective is illustrated in Figure 2.1.  
The most important concept in crystal physics is Neumann’s Principle which claims that 
“The symmetry of any physical property of a crystal must include the symmetry elements of the 
point group of the crystal.”2 This principle is always suitable for piezoelectric materials: (dijk ) = 
(dijk’), where  (dijk’) is the piezoelectric matrices after symmetry operation for (dijk). Considering 
the 32 crystal classes, 11 are centrosymmetric, which has the symmetry element of (dijk’) = -(dijk). 
After applying Neumann’s principle, piezoelectricity is forbidden in these 11 groups due to the 
inversion center that makes dijk = 0. However, one of the remaining 21 non-centrosymmetric 
groups, group 432, presents high symmetry behavior, prohibiting piezoelectricity. Therefore, 20 
point groups allow piezoelectricity: 1, 2, m, mm2, 222, 3, 32, 3m, 4, 6, 4̅, 4mm, 6mm, 422, 622, 
4̅2m, 6̅, 6̅m2, 4̅3m, and 23. It is similar for Curie groups which are also used to describe the 
symmetry of the crystals. After the operation for Neumann’s principle, only 3 groups ∞, ∞m, 
and ∞2 out of ∞, ∞m, ∞2, ∞/m, ∞/mm, ∞∞, and ∞∞m permit piezoelectricity.2  
A further subdivision is given in Figure 2.1, 10 crystal classes which are pyroelectric 
contain a unique polar axis, showing spontaneous polarizations without any external stimulation. 
Here the term of pyroelectricity is defined as: the ability of the materials that can generate an 
electric charge when uniformly heated (or cooled) due to the change in magnitude of the dipole 
with temperature.
1
 It should be mentioned that any piezoelectric material can develop the charge, 
whether or not they are pyroelectrics, when heated non-uniformly as thermal expansion 
generates stress. In pyroelectrics, the polarization is spontaneous but not always reversible. 
When the polarity of a pyroelectric can be reversed by means of an applied electric field, the 
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material may be classified as a subgroup of pyroelectric (as pyroelectric is a subgroup of 
piezoelectric). Thus, ferroelectricity is the ability of a polar pyroelectric crystal to re-orientate its 
polarization with an applied external electric field.  
 
 
Figure 2.1. The classification of piezoelectrics, pyroelectrics and 
ferroelectrics according to the crystal symmetry.  
 
The relationship for piezoelectrics, pyroelectrics, and ferroelectrics shown above 
basically depends on the symmetry and physical properties. It is valid for both single crystals 
and polycrystalline ceramics. In this thesis dissertation, all of the characterization and study is 
focused on polycrystalline ceramics because of their widespread use in commercial 
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applications.
3
 For polycrystals, as discussed earlier, piezoelectricity cannot be found in the as-
prepared ceramics as a result of the macroscopic isotropy. Thus, an external stimulus needs to be 
applied to force the randomly oriented polarizations in ferroelectric materials to re-align along 
the field direction which breaks the macroscopic isotropy, allowing the non-piezoelectric Curie 
group ∞∞m to transform into the piezoelectric ∞m group.  
Finally, with the symmetry operation according to Neumann’s principle, the 3 x 6 
piezoelectric matrix, which contains 18 components, is further reduced to three independent ones 
with d15, d31, and d33 for poled polycrystalline ceramics, as shown in Figure 2.2.
2
 In general, the 
piezoelectric measurement records the weak electrical signal along the direction parallel to the 
applied force. Then, the d33 component is the most commonly used parameter to evaluate 
piezoelectricity.   
 
 
Figure 2.2. Piezoelectric coefficient matrix of poled polycrystalline ceramics. 
 
2.2.2 Perovskite structure 
A well-known crystal structure perovskite, which is the simplest and most important 
class, is named after the calcium titanium oxide mineral (CaTiO3). The crystals with the 
perovskite structure usually possess the general formula of ABO3 displayed in Figure 2.3.
1
 In the 
perovskite ABO3 structure, the A-site cation often contains +2 charge, while the B-site cation 
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often has +4 charge with a smaller size than “A” cation. In the meantime, the O-site anion 
carries -2 charge which is usually an oxygen ion. These anions share the corner with the “B” 
cation located in the center to form a 6-fold coordination octahedra. Considering the “A” cation, 
it bonds to the anions with 12-fold coordination. Compounds with A-site cations of +1 charge 
and B-site cations of +5 charge are also common. Sometimes a combination of +3 and +3 is also 
possible. 
 
 
Figure 2.3. The perovskite structure for ABO3 type where “A” and “B” are 
cations and “O” is an anion.4 The hatched spheres represent the “A” 
cations, the black smaller spheres are “B” cations, and the vertices 
forming the octahedra are the oxygen anions.   
 
Thus, the perovskite structure is versatile with many combinations of A-site and B-site 
substitutions. In addition, to balance the ionic charge, the ionic radius, r, should also be 
considered. As the distance between the atoms in a unit cell contribute to the bond’s intensity, 
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the radius of each atom needs to be suitable in an ABO3 type structure. The introduction of the 
Goldschmidt tolerance factor is important to assess the possibility of the formation of the 
perovskite structure: 
                                (2-3) 
 
Under normal conditions the tolerance factor, t, is between 0.9 and 1.1 to form a stable 
perovskite crystal. Nevertheless, defects and atom bonding may affect the range of t.  
It is visually obvious that the perovskite crystal is of cubic structure with centro-
symmetry, which excludes piezoelectricity. However, the spontaneous polarization caused by 
the separation of the positive and negative charge centers, which develops the dipole with 
polarity, makes the crystal ferroelectric. There are two ways to separate the center of the cations 
and anions: cation displacement and oxygen octahedral tilting around B-site cations.
4
 As the 
origin for the spontaneous polarization is related to the distortions of the lattice and unit cells, 
the ferroelectricity and piezoelectricity are affected by external stimuli. Distortion of a BaTiO3 
unit cell in its polymorphic forms is displayed in Figure 2.4.  
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Figure 2.4. Distortion of a BaTiO3 unit cell with the polarization (Ps) with respect 
to temperature.
5
  
 
In BaTiO3, the perovskite structure is cubic without any spontaneous polarization (Ps) 
above 130 
o
C, which is called the Curie point (TC). During cooling, a phase transition takes place 
from cubic to tetragonal with the unit cell elongating along the <001> direction, presenting a 
spontaneous polarization along the same direction. At 0 
o
C, an orthorhombic structure forms 
with the Ps along the <110> direction. While, at an even lower temperature -90
o
C, the cation and 
anion charge centers are separated along the <111> directions, inducing a rhombohedral 
structure. The appearance of polarization indicates the existence of ferroelectricity. In 
polycrystalline ceramics, piezoelectricity can be realized by an electric poling process.  
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2.2.3 Ferroelectric domain  
In single crystal or the grain of ferroelectric ceramics there are regions called 
ferroelectric domains, which exhibit uniform polarization. In other words, the polarizations for 
all of the unit cells within this volume are aligned and parallel.
3
 The polarization, as illustrated 
above, is generated from the displacement of the cations. Thus, the domains are correlated to the 
type and magnitude of distortion of the unit cell and the external stimuli. The boundary between 
two adjacent domains is the domain wall.
6
 Since the spontaneous polarizations in these 
ferroelectric domains are oriented according to the phase structure, shown in Figure 2.4, the 
angles between polar vectors in each domain are well-defined.
6,7
 To illustrate the relationship 
between the domain and phase, let us take the tetragonal phase of BaTiO3 as an example. The 
polarizations in the tetragonal structure are along <001> directions with six equivalent ones. 
Considering the crystal symmetry, the neighboring domains can only form the 90
o
 and 180
o
 
domain walls. Figure 2.5 shows the schematic view of ferroelectric domains in which the 
polarization direction is presented by the arrows, while the domain walls are drawn by the black 
lines.  
The same situation can be analyzed in the orthorhombic and rhombohedral phases. The 
polarization of the domains in the orthorhombic structure can be along twelve equivalent <110> 
directions. Due to the dipoles’ limited possible directions, the domain walls can only be 60o, 90o 
and 120
o
. For the rhombohedral phase, eight <111> directions lead to the formation of 71
o
 and 
109
o
 domain walls. As the common analysis like X-ray or neutron diffraction can only obtain the 
average structure information, the local features are unknown by these characterizations. Thus, 
the domain morphology needs to be revealed by special tools, e.g. transmission electron 
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microscope (TEM). The domain walls are easy to be seen under TEM with a strong contrast, and 
hence it is useful to understand the domain wall behavior. 
 
 
Figure 2.5. Ferroelectric domains for a tetragonal structure with 90
o 
and 
180
o
 domain walls. 
 
2.2.4 The morphotropic phase boundary (MPB) 
Outstanding piezoelectric properties are always observed at the morphotropic phase 
boundary when multiple phases coexist.
1
 In Figure 2.6, the composition induced phase 
transitions are observed at a vertical MPB. It has been found that the large piezoelectricity 
appears at this rhombohedral/tetragonal phase boundary in Pb(Zr,Ti)O3 solid solutions where the 
molar fraction for Ti is 0.48.
1
 The PZT system has been used in commercial applications for 
many decades due to its excellent piezoelectricity.
3,4 
Further modifications with the introduction 
of chemical dopants into MPB compositions also result in remarkable piezoelectric properties in 
the ceramics for target applications.
8,9,10 
The MPB still widely exists in lead free piezoceramics 
such as in (Bi1/2Na1/2)TiO3-BaTiO3, (Bi1/2Na1/2)TiO3-(Bi1/2K1/2)TiO3, etc.
11
 These compositions at 
24 
 
the MPB demonstrate good electrical properties, and are promising candidates to replace lead-
based materials. 
 
 
     Figure 2.6. PbTiO3-PbZrO3 solid solution phase digram.
1 
 
2.2.5 Normal ferroelectrics 
Ferroelectrics have been studied for almost one century.
12
 The most important 
breakthrough is the discovery of BaTiO3 and Pb(Zr,Ti)O3.
1
 However, with the development of 
the ferroelectric materials, ferroelectrics have been divided into several subgroups with different 
dielectric, ferroelectric and strain behaviors. In this thesis dissertation, normal ferroelectrics and 
relaxor ferroelectrics are concerned. Commonly, the macroscopic characterizations to 
distinguish these ferroelectrics can be observed by the dielectric behavior as a function of 
temperature, polarization or strain hysteresis loops with respect to electric field, etc. Meanwhile, 
microscopic study is the most direct way to classify the type of the ferroelectrics, using TEM 
measurements to observe the domain morphology.  
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Figure 2.7. Linear dielectric (a) and ferroelectric (b) polarization 
hysteresis loops with respect to electric field. 
 
First of all, the electric field-induced polarization from a linear dielectric and a typical 
ferroelectric is given in Figure 2.7 (a) and (b), respectively. Most crystals without ferroelectricity 
show a linear relation between electric field and polarization as shown in Figure 2.7(a). However, 
the ferroelectrics have a hysteresis effect of polarizations in response to an electric field, 
resulting in a hysteresis loop shown in Figure 2.7(b). In ferroelectrics hysteresis loops, the initial 
poling process gradually increases the domains with the rearrangement of the dipole direction 
along the electric field. The polarization has a linear relationship with the applied electric field 
up until it reaches a certain critical field where most of the domains in the crystal are poled and 
aligned. Maximum polarization is realized at the maximum electric field. When the field is 
removed, the polarization still remains with a value of remanent polarization (Pr). The 
spontaneous polarization (Ps) is indicated at the intercept by drawing a tangent line to the curve 
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at the maximum field and extrapolating to zero field. After applying electric field in the opposite 
direction to the coercive field (Ec), where domain reversal occurs, the polarization decreases 
back to zero. After one cycle of the AC electric field, the P vs. E curve will form a closed loop, 
shown in Figure 2.7(b). The non-zero Pr and Ec are the most important characteristics when 
describing ferroelectrics.
1
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Figure 2.8. Temperature dependence of the dielectric permittivity curves 
at frequencies of 1, 10, and 100 kHz for BaTiO3 during 
heating. 
 
The dielectric behavior with respect to temperature curves of a normal ferroelectric 
material, BaTiO3, is presented in Figure 2.8.  Following the previous discussion, during cooling 
the crystal undergoes a first order phase transition with a sharp increase of the dielectric constant 
from the paraelectric (PE) cubic phase to the ferroelectric (FE) tetragonal phase. The 
temperature where the phase transition takes place is called the Curie point (TC). Above TC the 
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crystal is in the PE phase without any spontaneous polarization, and the dielectric permittivity (εr) 
obeys the Curie-Weiss law: 
                                                                                                (2-4) 
C is the Curie constant and Tc is the Curie temperature. When the temperature drops 
below TC, the crystal goes through ferroelectric to ferroelectric phase transitions, from tetragonal 
to orthorhombic at 0 
o
C, and then from orthorhombic to rhombohedral when the temperature is -
90 
o
C.  Due to the large thermal hysteresis in BaTiO3, the temperatures of the first-order phase 
transitions during heating shown in Fig. 2.8 are higher than the theoretical values. It is obvious 
that there is no frequency dispersion of the dielectric constant which is another feature associated 
with normal ferroelectrics. Figure 2.9 displays micrometer-sized long range ordered domains 
which is typical for normal ferroelectrics. The polarizations of two adjacent lamellar domains are 
parallel with opposite direction. 
 
      
Figure 2.9. 180
o
 domains for BaTiO3.
13
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2.2.6 Relaxor ferroelectrics 
 Relaxor ferroelectrics or relaxors are an important class of disordered crystals.
14
 The 
typical characteristics for relaxors are the existence of polar nanoregions (PNRs) shown in 
Figure 2.10. As seen in Figure 2.10(a), the bright field TEM image of 0.94(Bi1/2Na1/2)TiO3-
0.06BaTiO3, which is a relaxor ferroelectric solid solution, displays nanometer-sized domains. It 
is of great difference in the domain morphology when compared to normal ferroelectrics in 
Figure 2.9. The polar regions with nanometer scale can be understood by the schematic in Figure 
2.10 (b). Because PNRs affect the behaviors of the crystal so dramatically, the study of domain 
morphology is important. 
  
 
Figure 2.10. Nanometer-sized domains in a virgin state (a) and the 
schematic of PNRs (b).
14,15 
 
Temperature dependent dielectric behavior for relaxors is shown in Figure 2.11 (a). At 
high temperatures, the crystal is in a paraelectric phase (PE) without any existence of 
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polarization and frequency dispersion, which is similar to the normal ferroelectrics. However, 
upon cooling, the crystal transforms to an ergodic relaxor (ER) state as the temperature gradually 
drops below the Burns temperature (TB). Here, TB is defined as the temperature where the 
transformation from PE to ER takes place.
14
 At this point, the fluctuating PNRs form, causing a 
weak dielectric frequency dispersion. It should be noted that this transition cannot be considered 
as a structural phase transition since there is no structure symmetry change. Nevertheless, as 
mentioned above, the domain morphology varies resulting in huge physical property changes. 
With further cooling below TB, the dynamics of PNRs begin to slow and reach significant 
dielectric frequency dispersion with a broad permittivity peak. The temperature for the 
maximum permittivity (Tm) varies with the frequency. Then, the PNRs are completely frozen at 
the freezing temperature (Tf), transforming the ER phase to a non-ergodic state (NR).
14
 In 
addition to the typical relaxors, some relaxors experience an ER to FE phase transition instead of 
an ER to NR phase change. There are three different types of relaxor to ferroelectric transitions. 
One is when the system goes through a diffuse process with a gradual frequency dispersion 
merging, as shown in Figure 2.11 (b). In this condition, the TC is a temperature range and lower 
than Tm. The other two transitions undergo a sharp decrease in dielectric permittivity. Suddenly 
the frequency dispersion disappears completely when the temperature gets below TC. The relaxor 
to ferroelectric phase transitions may take place below or at the Tm which are presented in Figure 
2.11 (c) and (d) respectively.   
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Figure 2.11. Temperature dependence of dielectric behaviors for different types of 
relaxors: (a) typical relaxor; (b) crystal with a diffuse relaxor-to-
ferroelectric phase transition at TC < Tm; (c) crystal with a sharp relaxor-
to-ferroelectric phase transition at TC < Tm; (d) crystal with a sharp 
relaxor-to-ferroelectric phase transition at TC = Tm. Curie-Weiss law (CW) 
is suitable above TB. PE, NR, ER, and FE represent paraelectric, 
nonergodic relaxor, ergodic relaxor, and ferroelectric, respectively.
14
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The polarization hysteresis loops for ergodic relaxors are much different from those of 
normal ferroelectrics. With the existence of mobile PNRs, the electric field induced polarization 
cannot be preserved after removing the applied electric field.
10
 Thus, there is no Pr in the P vs. E 
hysteresis loop for the ergodic relaxor shown in Figure 2.12 (a). It indicates the absent or weak 
piezoelectricity in these kinds of materials. However, due to the irreversibility of the electric 
field polarization, the non-ergodic relaxor behaves like the ferroelectrics after being poled 
(shown in Figure 2.12 (b)).  
 
 
 
Figure 2.12. Polarization vs. electric field hysteresis loops for ergodic 
relaxor (a) and non-ergodic relaxor (b).  
 
2.3 Applications 
Piezoelectrics have been widely used in commercial applications such as actuators and 
sensors, due to their excellent electromechanical properties. With the urgent request of large 
amounts of functional materials, plenty of research has been done focusing on lead-free 
ceramics.
3
 After 20 years of effort on the material investigation, there is a push to transfer the 
scientific results into application.
16
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2.3.1 Actuators 
In piezoelectrics, strain can be induced by an electric field due to electromechanical 
coupling, which is suitable for strain-dependent, actuator applications. This induced strain is 
attributed to either the piezoelectricity or electrostriction. The strain, Sij, can be expressed by the 
electric field, Ek, or polarization, Pk in tensor notation:
17
 
Sij = dkijEk + MijklEkEl + ···  (i,j,k,l) = 1,2,3                   (2-5) 
Sij = gkijPk + QijklPkPl + ···  (i,j,k,l) = 1,2,3                    (2-6) 
The piezoelectric charge constant, dkij, is the mechanical strain generated by the applied 
electric field, while the piezoelectric voltage constant, gkij, is the mechanical strain generated by 
the applied electric displacement. d and g denote the piezoelectric coefficients, while Mijkl and 
Qijkl denote the electrostrictive coefficients. The first term in both of the two equations is from 
the piezoelectric effect, whereas the second term represents electrostriction.  
Usually, in piezoelectric materials, considering the converse piezoelectric response is 
sufficient. As mentioned in section 2.1, Eq. (2-5) can be simplified:
2
 
Si = dijEj                                                                       (2-7) 
dij, which is called the small-signal of piezoelectricity, is true for the linear relationship 
between strain and electric field at small electric fields.
18
   
Since electrostriction is negligibly small compared to piezoelectric response in the 
piezoelectric materials, this effect is more commonly observed in paraelectrics. In a material 
with paraelectric state, the electric field induced polarization (P) is proportional to the dielectric 
susceptibility (χ) and the applied field: 
P = ε0 • χ • E                                                                        (2-8) 
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The ε0 denotes the dielectric permittivity of a vacuum and χ is constant. Thus, P is 
proportional to E, resulting in a linear relationship between polarization and electric field.  
In electrostrictive materials with no piezoelectricity, the Eq. (2-6) can be rewritten as: 
       Si = QijPj
2
                                                              (2-9) 
where Qij is the electrostrictive coefficient.  
For actuators, the maximum strain in the direction parallel to the electric field is the most 
important factor to evaluate the functional performance of the materials. Thus, the value for 
S3,max/E3,max is another significant factor to assess the electrical property of strain response. This 
is the so-called large-signal effective piezoelectric coefficient d33*. In addition, domain 
switching in ferroelectrics also makes a significant contribution to it.  
 
 
Figure 2.13. The strain vs. electric field hysteresis loops for (a) BNT-0.06BT, in 
which the strain is mainly originated from piezoelectricity, and (b) 
BNT-0.06BT-0.02KNN solid solution, in which strain is primarily 
due to electrostriction.
19
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Figure 2.13 (a) displays a butterfly-shaped curve with the strain mainly generated from 
the piezoelectric response. The introduction of domain switching during the loading of the AC 
electric field causes the negative and positive strains along the direction of electric field. The 
sprout-shaped strain loop in Fig. 2.13 (b) is primarily due to electrostriction. As there is no 
spontaneous polarization in this kind of material, the strain has almost a quadratic relationship 
with the applied electric field. 
 
2.3.2 Sensors 
In sensors, dielectric displacement, Di, can be produced by the piezoceramics in response 
to the applied stress. The equation is similar to Eq. (2-1):  
Di = dijσj                                                               (2-9)        
σj is the stress to be detected. This is a direct piezoelectric effect and hence the piezoelectric 
coefficient, especially for d33, is an important factor for the performance of the sensors. The 
piezoelectric coefficient is dependent on the magnitude of the mechanical or electrical driving 
field, bias electric field, frequency, temperature, and pressure.
3
 Loading of the stress and the 
electric field is the common measurement to achieve d33 behavior. The d33 first presents a 
linearly decreasing relationship against the applied electric field, then an increasing relationship, 
and finally a decreasing relationship. It should be noted that a much more complicated d33 
behavior corresponding to stress takes place during loading of stress.  
 
2.3.3 High-performance dielectric materials 
The new high-performance dielectric materials with a stable temperature (usually at high 
temperature) and frequency behaviors, which also exhibit low dielectric loss, benefit electronic 
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devices. Piezoelectric ceramics are ferroelectric and usually have a high dielectric permittivity. 
Therefore, they are also good dielectrics for capacitors. It has been found that lead-free 
piezoelectrics always go through phase transitions at low temperatures which disrupts the 
dielectric stability. Recent studies discovered that the introduction of dopants can force, up or 
down, the phase transition far away from room temperature, which broadens the working 
temperature range for these materials.
20,21
 In the meantime, the dielectric permittivity is still kept 
high enough and the loss tangent is lower than 0.1% which means it has a strong ability to store 
electrical energy. Figure 2.14 presents the dielectric permittivity vs. temperature curve for 
dopant-modified BaTiO3. 
 
 
Figure 2.14. εr vs. T curves for Ba-deficient 50BT-25BZT-25BS.
20
 
 
 
2.4 BaTiO3-based solid solutions 
Barium Titanate, BaTiO3, is the first piezoelectric ceramic found with the perovskite 
structure at room temperature.
22,23
 During cooling, the structure of BaTiO3 transforms from a 
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paraelectric phase to a ferroelectric phase at TC, as shown in Figure 2.4 and Figure 2.8. From the 
dielectric permittivity vs. temperature curves, an obvious dielectric anomaly can be seen by the 
sharp peak at the Curie temperature. It is a first order phase transition with the appearance of 
spontaneous polarization. With further cooling processes, there are two ferroelectric to 
ferroelectric phase transitions taking place, which are the tetragonal-to-orthorhombic, and 
orthorhombic-to-rhombohedral phase transitions. As displayed in Figure 2.4, the unit cells 
distortion accompanies the phase transition and finally affects the domain orientation.  
 
 
Figure 2.15. Effect of isovalent substitutions on transition temperature of 
ceramic BaTiO3.
1
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BaTiO3 ceramics exhibit excellent dielectric behavior with a moderate piezoelectric 
coefficient d33 of 190 pC/N at room temperature, which are primarily used in multilayer ceramic 
capacitors.
1,24
 With advanced fabrication techniques, such as hydrothermal synthesis, the d33 
values have recently been significantly improved to as high as 788 pC/N.
25,26
 However, the low 
TC  (130 
o
C) limits the working temperature range. The investigation of the isovalent 
substitutions influence on the TC of BaTiO3 is shown in Figure 2.15. For the isovalent 
substituents, only Pb
2+
 raises the TC. Nevertheless, the lead-free piezoelectric ceramics cannot 
contain any lead and thus Pb has to be excluded.  
Perovskite BaTiO3 and the A-site or B-site cation substitution can form a wide range of 
solid solutions.
27
 Unfortunately, most of the published articles on BaTiO3-based binary solid 
solutions result in lowered TC, like the introduction of NaNbO3,
28
 (K0.5Na0.5)NbO3,
29
 BiAlO3,
30
 
etc. It should be noted that the ferroelectric phase with a tetragonal structure needs to be 
maintained during the substitution. Some of the dopants like Bi(Mg1/2Ti1/2)O3 and 
Bi(Zn1/2Ti1/2)O3 transform the structure into a relaxor phase with frequency dispersion.
31,32
 It is 
interesting to see that TC is almost independent of the amount of BiFeO3.
33
 Therefore, all of the 
modifications above are not qualified to increase the TC in BaTiO3-based materials with the 
ferroelectric tetragonal phase maintained. 
It has been discovered that the introduction of (Bi1/2K1/2)TiO3 (BKT) and (Bi1/2Na1/2)TiO3 
(BNT) to BaTiO3 keeps the tetragonal phase with the increased TC above 200 
o
C.
34,35
 Figure 2.16 
presents the Curie temperature behavior with respect to the dopants. It is obvious that the 
tetragonality is preserved and even enhanced with the increase of BNT or BKT compositions, 
meanwhile, the TC is increased. Thus, the A-site substitution with the combination of Bi
3+
 and 
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A
+
 (A represents the alkali ion which shows +1 valence) is promising to improve the TC with 
outstanding dielectric and piezoelectric properties.  
 
 
Figure 2.16. (a) The phase diagram for BT-BKT ceramics.
36
 (b) The c/a ratio and 
TC information with the BNT content doped in BaTiO3 system.
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2.5 (Bi1/2Na1/2)TiO3-based solid solutions 
2.5.1 (Bi1/2Na1/2)TiO3 
(Bi1/2Na1/2)TiO3 has attracted a wide interest as a possible candidate to replace the 
Pb(Zr,Ti)O3 piezoceramics. It was found to be a disordered perovskite-type ferroelectric at room 
temperature by Smolenskii et al. 50 years ago.
37
 BNT is a relaxor ferroelectric with a diffuse 
phase transition from the high-temperature prototypic cubic structure to tetragonal at 510 
o
C - 
540 
o
C and then a tetragonal phase to a rhombohedral phase between 200 
o
C and 320 
o
C.
3
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Figure 2.17. Rhombohedral structure down [001]; open circles 
represent Na/Bi sites.
40 
 
 
The rhombohedral phase is stable down to -268
o
C. It can be described by the polar space 
group R3c, with a
-
a
-
a
- 
anti-phase oxygen octahedral tilting.
38,39
 This tilting system is 
characterized by opposite rotations of adjacent octahedra along each axis with three equal axes 
inclined to one another, resulting in cell doubling of all three axes shown in Figure 2.17.
40
 The 
pure tetragonal phase of P4bm symmetry between 400 
o
C and 500 
o
C exhibits anti-parallel 
cation displacements, separating the A-site cations (Bi
3+
/Na
+
) and B-site cations (T
4+
) along the 
polar axis [001] direction, which is determined by the a
0
a
0
c
+  
in-phase oxygen octahedral tilting 
shown in Figure 2.18.
39
 The pseudo-cubic phase at temperatures above 540 
o
C is considered to 
be paraelectric with Pm3̅m symmetry. However, there is still a controversy in defining the 
structure phase in the temperature range between 200 and 320 
o
C. It is claimed by some groups 
that at this region the rhombohedral and tetragonal phases coexist, while others suggest that 
40 
 
there is a phase transition from ferroelectric rhombohedral to antiferroelectric orthorhombic 
phase.    
 
 
Figure 2.18. Tetragonal structure down [001]; The Na/Bi cation is 
displaced along the +c axis (open circles represent Na/Bi 
sites).
39
  
 
From the polarization hysteresis loop, BNT exhibits a high coercive field and high 
leakage current, which make it difficult to be poled. However, the dielectric behavior indicates a 
stable ferroelectric phase up to 200
o
C. Thus, the modification for BNT is promising to reduce 
the coercive field and maintain the good dielectric and piezoelectric properties. 
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2.5.2 (Bi1/2Na1/2)TiO3-BaTiO3 
The BNT-based binary solid solution, (Bi1/2Na1/2)TiO3-BaTiO3 (BNT-BT), is found by 
Takenaka et al..
41
 It has been one of the most important lead-free piezoelectric ceramics due to 
its excellent piezoelectric properties around MPB where x = 0.06-0.07.
3
 The highest d33 value is 
observed at 170 pC/N, which is significantly enhanced, while the TC and Td are both decreased. 
The phase behavior around MPB used to be thought of as a simple ferroelectric rhombohedral to 
ferroelectric tetragonal phase transition.
41
 However, a recent study of BNT-BT systems indicates 
that a new phase exists with a composition range between x = 0.06 and x = 0.10 which is defined 
as a relaxor ferrielectric phase.
42
 
The dielectric properties for (1-x)BNT-xBT with the compositions of x = 0.06, 0.07, and 
0.11 are displayed in Figure 2.19. Compared to conventional relaxor ferroelectrics, the dielectric 
permittivity vs. temperature curves of the BNT-BT compositions with x ≤ 0.06 and x ≥ 0.11 
present a sharp increase of εr at the depolarization temperature, Td, where a ferroelectric to a 
ferrielectric transition takes place.
43
 Above Td, dielectric frequency dispersion is severely 
strengthened, while as the temperature increases the frequency dispersion vanishes at the critical 
temperature, TRE, before reaching the maximum temperature, Tm. The merged dielectric 
frequency below Td is believed to be due to the long-range ferroelectric order, and the strong 
frequency dispersion between Td and TRE seems to suggest the existence of a relaxor phase. 
Nevertheless, the dielectric permittivity vs. temperature curves of the composition 
between x = 0.06 and x = 0.09 (dielectric behavior of x = 0.09 is not shown here) do not present 
a sudden sharp dielectric anomaly with the absence of Td. The frequency dispersion is significant 
even at room temperature, which implies the relaxor characteristics persist.  
 
42 
 
 
Figure 2.19. Temperature dependence of the dielectric constant and loss 
tangent for x = 0.06, 0.07, and 0.11 measured during 
heating.
42
 
 
43 
 
Ferroelectric domains are the fundamental microstructural units that affect the dielectric, 
ferroelectric and piezoelectric properties in these ceramics. Thus it is necessary to combine the 
investigations of domain morphology and dielectric permittivity behavior. The weak dielectric 
frequency dispersion for BNT-6BT and the strong dielectric frequency dispersion for BNT-7BT 
indicate a MPB of ferroelectric/relaxor phases located at this composition region at room 
temperature. It can also be manifested by the domain morphology shown in Figure 2.20. The 
domain morphology for BNT-6BT displayed in Figure 2.20 (a) presents a core/shell structure 
with the large lamellar domains in the core and nanometer sized domains surrounding the core. 
From the results of the SAED patterns, the large domains indicate an R3c symmetry with a
-
a
-
a
- 
oxygen octahedral tilting, while the nanodomains support a P4bm symmetry with a
0
a
0
c
+ 
oxygen 
octahedral tilting. Thus, the long-range ferroelectric large domains with R3c symmetry transfer 
to nanometer sized domains displaying relaxor behavior with P4bm symmetry at the MPB. 
 
 
Figure 2.20. Bright field TEM images for (a) BNT-6BT and (b) BNT-7BT.
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Combining the macroscopic dielectric characterization, the microscopic domain 
morphology investigation, and the crystal structure analysis with TEM, the Td correlates well 
with the structure transition from R3c to P4bm, while the TRE and Tm do not correspond to any 
44 
 
structural phase transition. It seems that the tetragonal P4bm to cubic Pm3̅m phase switching 
takes place over a wide temperature range above Tm. Meanwhile, the R3c phase corresponds to 
the complex large domain, while the P4bm phase associates with the nanodomains.
42,44,45
 The 
phase diagram for unpoled (Bi1/2Na1/2)TiO3-BaTiO3 compositions is constructed with the 
dielectric properties and the crystal structure, shown in Figure 2.21. The behavior between the 
piezoelectricity, under the cooperation with the poling process, and the compositions with the 
phase structure evolution is given in the phase diagram shown in Figure 1.2. 
 
 
Figure 2.21. Phase diagram for unpoled ceramics in the (1-x)BNT-xBT 
binary system. The thick solid and dash-dot lines (colored) 
delineate the structural phase regions. For comparison, the 
temperatures for dielectric anomalies (Td, TRE, Tm) are 
included as dark dashed lines.
45 
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2.5.3 (Bi1/2Na1/2)TiO3-(Bi1/2K1/2)TiO3 
(Bi1/2Na1/2)TiO3-x(Bi1/2K1/2)TiO3 (BNT-BKT) was first fabricated by Elkechai et al. in 
1996.
46
 It is well known that the crystal structures for (Bi1/2Na1/2)TiO3 and (Bi1/2K1/2)TiO3 are 
rhombohedral and tetragonal, respectively. Thus, the combination of these two solid solutions 
forms a rhombohedral/tetragonal MPB, similar to the binary system of BNT-BT, where the 
concentration of BKT is around 16% to 20%, displaying a relatively high piezoelectric 
coefficient of 140-190 pC/N.
47,
 In this system, the TC and Td have been enhanced compared to 
BNT-BT ceramics, resulting in a wide temperature range with stable dielectric and piezoelectric 
properties. The Tm and Td with respect to compositions plots are shown in Figure 2.22.  
   
 
Figure 2.22. Depolarization temperature, Td, and temperature of εmax, Tm.
48
 
 
It seems that the incorporation of chemical modifications, including the isovalent dopants, 
donors, and compounds, to the BNT-BKT system at the morphotropic phase boundary has 
always significantly enhanced their electrical performance, especially for the electric field 
induced strain.
49,50,51
 The ternary system BNT-BKT-BT, for example, has been thoroughly 
46 
 
investigated due to the excellent piezoelectric properties with a d33 of 148 pC/N, accompanied 
by increased Td above 162 
o
C and TC of 262 
o
C.
52,53
 In addition, in BiAlO3 modified BNT-BKT 
and Li doped BNT-BKT systems, even higher piezoelectric coefficient is revealed with values of 
217 and 231 pC/N, respectively.
54,55
 Besides, large electrostrain is also developed in BNT-BKT-
based ceramics which requires lower electric field compared to BNT-BT-based compounds, 
resulting in a high normalized electrostrain d33* (Smax/Emax). Thus, extensive research has been 
focused on the chemically modified BNT-BKT piezoceramics in order to achieve both large 
electrostrain and d33*. Seifert et al. first introduced KNN into the BNT-BKT system leading to 
not only a large electrostrain of 0.48%, but also a high d33* value of 600 pm/V.
56
 Moreover, it 
has been reported that the Nb-doped BNT-BKT generates giant strain with the Smax/Emax = 641 
pm/V. In the meantime, the Sr modified BNT-BKT supplies a large strain with Smax/Emax = 600 
pm/V.
57,58
 So far, the most encouraging work is the discovery of the Nb and Sr co-doped BNT-
BKT system with a giant electrostrain of 0.438% under 50 kV/cm, corresponding to a d33* value 
of 876 pm/V.
59
 These results all indicate that the BNT-BKT-based ceramics appear to be 
promising for the actuator applications. 
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CHAPTER 3. EXPERIMENT DETAILS 
 
3.1 Polycrystalline ceramic fabrication 
Ceramics of (1-x)BaTiO3–x(Bi1/2A1/2)TiO3 (abbrev. as BTO-A100x; A = Ag, Li, Na, K, 
Rb, Cs) solid solutions were fabricated with the solid reaction method. Powders of oxides or 
carbonates Bi2O3 (≥ 99.9%, Aldrich), BaCO3 (≥ 99.997%, Alfa Aesar), TiO2 (≥ 99.99%, Aldrich), 
Ag2O (99+%, Alfa Aesar), Li2CO3 (≥ 99.4%, Fisher), Na2CO3 (≥ 99.9%, Fisher), K2CO3 (≥ 
99.0%, Alfa Aesar), Rb2CO3 (≥ 99.8%, Alfa Aesar), Cs2CO3 (≥ 99.9%, Alfa Aesar) were used as 
the starting raw materials. All the carbonates were baked before weighing for the stoichiometric 
portion, and the mixtures were vibratory milled in ethanol with zirconia milling media for 6 
hours; they were then dried and calcined at 900-1000 
o
C for 4 hours. The calcined powders were 
milled for 6 hours and dried once more. Polyvinyl alcohol binder (10 wt.% solution) was added 
to the powders before they were pressed into pellets. Buried in the same composition protective 
powders, the pellets were sintered at temperatures ranging from 1225 to 1350 
o
C for 3 hours.  
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 (x = 0.00 ~ 0.10) ceramics were produced via the 
standard mixed oxide route. Powders of Bi2O3 (≥ 99.9%, Aldrich), TiO2 (≥ 99.99%, Aldrich), 
La2O3 (≥ 99.999%, Alfa Aesar), Na2CO3 (≥ 99.9%, Fisher), and BaCO3 (≥ 99.997%, Alfa Aesar) 
were used as starting raw materials. Na2CO3 and La2O3 powders were baked before batching. 
The raw powders were weighed according to their chemical formulas. They were then mixed and 
vibratory milled in ethanol with zirconia milling media for 6 hours. After drying, the mixtures 
were calcined at 800-900
o
C and then milled again for 6 hours. Using polyvinyl alcohol as a 
binder, the calcined powders were pressed into circular disks under 300 MPa. With disks buried 
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in the same composition protective powder, sintering was performed at 1150 
o
C for 3 hours in 
alumina crucibles at a heating/cooling rate of 5 
o
C/min.  
Polycrystalline ceramics of [Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04(Ti1-xNbx)O3 (x = 0.020, 0.023, 
0.025, 0.028, and 0.030) were prepared by conventional solid state reaction synthesis. Powders 
of Na2CO3 (≥99.9 wt.%), K2CO3 (≥99.0 wt.%), Bi2O3 (≥99.9 wt.%), TiO2 (≥99.99 wt.%), SrCO3 
(≥99.99 wt.%), and Nb2O5 (≥99.99 wt.%) were used as starting materials. The powders were 
mixed in ethanol according to stoichiometry and milled for 7 hours on a vibratory mill. After 
drying, the mixture was calcined twice at 850 
o
C for 3 hours, and then sintered at 1175 
o
C for 3 
hours. Two-step sintering was also experimented with a first step sintering at 1200 
o
C for 0.1 
hour and then a second step sintering at 1100 
o
C for 15 hours. 
[Bi1/2(Na0.8K0.2)1/2](Ti1-xTax)O3 (x = 0.01, 0.015, 0.02, 0.03; abbreviated as BNKT-
100xTa) polycrystalline ceramics were synthesized using the solid state reaction route. Raw 
materials of Na2CO3 (≥99.9 wt.%), K2CO3 (≥99.0 wt.%), Bi2O3 (≥99.9 wt.%), TiO2 (≥99.99 
wt.%), and Ta2O5 (≥99.99 wt.%) were mixed in ethanol according to stoichiometry and milled in 
a vibratory mill for 6 hours. After drying, the mixture was calcined at 850 
o
C for 3 hours. 
Sintering was conducted at 1150 
o
C for 3 hours.  
     
3.2 Structure and electrical properties characterization 
The surfaces of as-sintered pellets and the polished cross-sections after chemical etching 
were examined with scanning electron microscopy (SEM, FEI Quanta 250). The grain size was 
analyzed with the linear intercept method. X-ray diffraction (Model-D500, Siemens, Germany) 
was performed to analyze the purity and crystal structure of the ceramics. For electrical 
measurements, Ag electrodes were sputtered or fired on the samples. The dielectric constant, εr, 
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and loss tangent, tanδ, were measured at frequencies of 1, 10, and 100 kHz with a heating rate of 
4 
o
C/min. The above room temperature segment was recorded with an LCR meter (HP-4284A, 
Hewlett-Packard) in a tube furnace while the below room temperature segment was recorded 
with an LCZ meter (3330, Keithley) in conjunction with a temperature chamber. The 
polarization versus electric filed (P vs. E) hysteresis loops were measured using a standardized 
ferroelectric test system (RT-66A, Radiant Technologies) at 4 Hz at room temperature. The 
longitudinal strain (S) developed under electric field in the form of a triangular wave of 0.05 Hz 
was measured with an MTI-2000 fotonic sensor (MTI Instruments Inc., Albany, NY). The 
electric fatigue experiment was conducted on bulk specimens at room temperature with bipolar 
electric fields of 50 kV/cm at 2 Hz. The piezoelectric coefficient was measured with a piezo-d33 
meter (Model ZJ-4B, IACAS, China).  
 
3.3 Transmission electron microscopy (TEM) study 
Transmission electron microscopy (TEM) was performed to reveal the domain structures 
in selected compositions with a Phillips CM-30 microscope operated at 200 kV. The as-sintered 
ceramic pellets were mechanically ground and polished down to 120 μm thick, and then 
ultrasonically cut into disks with a diameter of 3 mm. After mechanical dimpling and polishing, 
the disks were annealed at 250 
o
C for 2 hours to minimize artifacts introduced during mechanical 
thinning and Ar-ion milled to the point of electron transparency. 
For electric-field in situ TEM study, a special electric-field in-situ TEM holder is used for 
the specimen which is also particularly prepared. The experiment configuration is described in a 
schematic figure as shown below. Gold electrodes with a half-circle shape are evaporated on the 
flat-side of the specimen surface. The distance between these two electrodes is 120 μm (Figure 
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3.1(a)). The TEM specimen is fixed on the sample cup of the holder with the flat side up using 
insulating varnish. The gap between the electrodes is aligned parallel to the axis of the holder rod. 
Two copper wires are connected to each of the electrodes separately with the conductive epoxy 
and the other sides of the wires are attached to the holder tips: one connected to the high voltage 
supply and the other to the ground. Details can be found in Figure 3.1 (b) and (c). It should be 
noticed that the actual electric field applied on the thin area of the TEM specimen was two times 
higher because of the intensification effect on the central perforation (See the shaded area 
between the electrodes in Figure 3.1(a)). The specimen used in this experiment must be crack-
free.  
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Figure 3.1. The electric field in-situ TEM technique. (a), schematic illustration 
of the specimen configuration for the electric field in-situ TEM 
experiment. The examined regions at the perforation are marked in 
red. (b), schematic illustration of the connection of the high-
voltage power supply to the TEM specimen. (c), photograph of the 
tip of the electric field in-situ TEM specimen holder used in the 
present study. The Pt thin wires in (a) are connected to the two 
electrical contacts indicated by the dark arrows.
1
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CHAPTER 4. CRYSTAL STRUCTURE AND ELECTRICAL PROPERTIES 
OF LEAD-FREE (1-x)BaTiO3-x(Bi1/2A1/2)TiO3 (A = Ag, Li, Na, K, Rb, Cs) 
CERAMICS 
 
An article published in the Journal of the American Ceramic Society 96, 3425-3429 (2013) 
 
Xiaoming Liu and Xiaoli Tan 
 
Abstract 
Ceramics of solid solutions (1-x)BaTiO3–x(Bi1/2A1/2)TiO3 (A = Ag, Li, Na, K, Rb, Cs, x ≤ 0.20) 
were prepared and their crystal structures, dielectric, ferroelectric and piezoelectric properties 
were investigated. It was found that (Bi1/2A1/2)TiO3-type doping compounds broadened the 
temperature range of the tetragonal phase in BaTiO3 and all the compositions examined 
displayed a tetragonal structure at room temperature. The Curie temperature (TC) was observed 
to increase with respect to pure BaTiO3 to the range of 140 to 210 
o
C through solid solution. 
Remanent polarization (Pr) tended to decrease with increased content of doping compound, 
while the coercive field (EC) rose and piezoelectric coefficient (d33) fell. The highest d33 value in 
the solid solutions was observed in 0.97BaTiO3–0.03(Bi1/2Ag1/2)TiO3 at 90 pC/N.   
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4.1 Introduction 
Lead-based piezoelectric ceramics have been widely used in commercial applications 
such as actuators, sensors and transducers due to their excellent properties.
1
 However, a 
significant amount of toxic lead is released into the environment during the processing and 
disposal of these ceramics, seriously threatening the ecological system. Therefore, there has been 
an intense worldwide effort on developing lead-free compositions to replace those lead-based 
ceramics.
2
 Among the investigated compositions, (K0.5Na0.5)NbO3-based and (Bi1/2Na1/2)TiO3-
based solid solutions have received most attention.
3,4
  
BaTiO3 (BTO) was the first found piezoelectric ceramic with the perovskite structure.
5,6
 
Recently, extremely high values of the piezoelectric coefficient d33 (350 pC/N, 460 pC/N, 788 
pC/N) were reported in BTO ceramics consolidated from hydrothermal powders.
7-10
 However, its 
low Curie temperature (TC) of 130 
o
C severely limits the working temperature range. It would be 
ideal that, with minor lead-free chemical modifications, the TC of BTO can be shifted to above 
200 
o
C while the large piezoelectric property is preserved.  
It is well known that the ABO3 perovskite compounds form wide range of solid solutions 
with A-site or B-site cation substitutions.
11
 Shifting the TC of BTO to higher temperatures is 
actually to further stabilize the ferroelectric tetragonal phase. In BaTiO3, Ti
4+
 is key to the 
ferroelectric distortion in the crystal lattice.
12,13
 Meanwhile the ferroelectric distortion in 
perovskite can also be resulted from Bi
3+
 on the A-site.
12,14
 Thus, one possible solution is to 
incorporate Bi
3+
 to the A-site and keep Ti
4+
 on the B-site of BTO. Indeed, solid solutions of 
BaTiO3 with (Bi1/2Na1/2)TiO3
15
 and (Bi1/2K1/2)TiO3
16
 display enhanced TC.  
(Bi1/2Na1/2)TiO3 is a relaxor ferroelectric with the perovskite structure.
2
 It displays 
dielectric anomalies at 200 
o
C and 320 
o
C.
2,17,18
 Solid solution of (Bi1/2Na1/2)TiO3 with 6~7 mol.% 
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BaTiO3 has been considered promising lead-free piezoelectric ceramics.
4,19-21
 (Bi1/2K1/2)TiO3 is a 
tetragonal ferroelectric compound with a high TC of 370 
o
C.
2,22
 Previous research in the literature 
on BaTiO3-rich compositions in BaTiO3–(Bi1/2Na1/2)TiO3 and BaTiO3–(Bi1/2K1/2)TiO3 binary 
systems is very limited but these reports did show increased TC.
23-25
  
In this work, a series of BaTiO3–(Bi1/2A1/2)TiO3 (A = Ag, Li, Na, K, Rb, Cs) solid 
solution systems were investigated to clarify that if enhanced TC can also be observed in solid 
solutions with other similar (Bi1/2A1/2)TiO3–type compounds. Furthermore, the dielectric, 
ferroelectric and piezoelectric properties of these ceramics were evaluated.  
 
4.2 Experimental Procedure 
Ceramics of (1-x)BaTiO3–x(Bi1/2A1/2)TiO3 (abbrev. as BTO-A100x; A = Ag, Li, Na, K, 
Rb, Cs) solid solutions were fabricated with the solid reaction method. Powders of oxides or 
carbonates Bi2O3 (≥ 99.9%, Aldrich), BaCO3 (≥ 99.997%, Alfa Aesar), TiO2 (≥ 99.99%, Aldrich), 
Ag2O (99+%, Alfa Aesar), Li2CO3 (≥ 99.4%, Fisher), Na2CO3 (≥ 99.9%, Fisher), K2CO3 (≥ 
99.0%, Alfa Aesar), Rb2CO3 (≥ 99.8%, Alfa Aesar), Cs2CO3 (≥ 99.9%, Alfa Aesar) were used as 
the starting raw materials. All the carbonates were baked before weighing according to 
stoichiometry, the mixtures were vibratory milled in ethanol with zirconia milling media for 6 
hours; they were then dried and calcined at 900-1000 
o
C for 4 hours. The calcined powders were 
milled for 6 hours and dried one more time. Polyvinyl alcohol binder (10 wt.% solution) was 
added into the powders before they were pressed into pellets. Buried in the same composition 
protective powders, the pellets were sintered 3 hours at temperatures of 1250 
o
C for BTO-Ag and 
BTO-Li systems, 1225 
o
C for BTO-Na, BTO-K, BTO-Rb, and BTO-Cs systems, and 1350 
o
C for 
pure BTO, respectively.  
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The surfaces of as-sintered pellets were examined with scanning electron microscopy 
(SEM, FEI Quanta 250). The grain size was analyzed with the linear intercept method and the 
density of the ceramics was measured with the Archimedes’ method. After removal of ~200 μm 
surface layer of the sintered pellets with grinding, X-ray diffraction (Model-D500, Siemens, 
Germany) was performed to analyze the purity and crystal structure of the ceramics. For 
electrical measurements, Ag films were sputtered as electrodes. The dielectric constant, εr, and 
loss tangent, tanδ, were measured at frequencies of 1, 10 and 100 kHz with a heating rate of 4 
o
C/min. The above room temperature segment was recorded with an LCR meter (HP-4284A, 
Hewlett-Packard) in a tube furnace while the below room temperature segment was recorded 
with an LCZ meter (3330, Keithley) in conjunction with a temperature chamber. The 
polarization versus electric filed (P vs. E) hysteresis loops were measured using a standardized 
ferroelectric test system (RT-66A, Radiant Technologies) at 4 Hz at room temperature. Finally, 
the pellets were poled at 30 kV/cm for 20 minutes at room temperature and after 24 hours the 
piezoelectric coefficient was measured with a piezo-d33 meter (Model ZJ-4B, Institute of 
Acoustics, Chinese Academy of Sciences, China) at 10 positions across the electrode of the 
ceramic pellet.  
 
4.3 Results and Discussion 
(1)  Structure of the ceramics 
Previous researches indicate that (Bi1/2Na1/2)TiO3 and (Bi1/2K1/2)TiO3 form complete solid 
solution with BaTiO3.
2,15,16
 However, other (Bi1/2A1/2)TiO3-type compounds investigated in the 
present work appear to have low solubility in BaTiO3. X-ray diffraction analysis suggests that 
the solubility limit (in mol. fraction) is 0.09, 0.12, 0.09, and 0.09 for (Bi1/2Ag1/2)TiO3, 
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(Bi1/2Li1/2)TiO3, (Bi1/2Rb1/2)TiO3, and (Bi1/2Cs1/2)TiO3, respectively. Figure 1(a) displays the 
XRD spectra of BTO-Ag9, BTO-Li12, BTO-Na20, BTO-K20, BTO-Rb9 and BTO-Cs9. The 
data of BTO ceramic is also included for comparison. All samples are single-phase with the 
perovskite structure. A close examination of the doublet around 2θ = 45o (Figure 1(b)) suggests 
that all the compositions are of tetragonal symmetry at room temperature, which is characterized 
by the peak splitting of (200)T and (002)T. Compared with pure BTO, the lattice parameter of the 
solid solution ceramics becomes smaller since the effective cation radius (0.5rBi3+ + 0.5rA+) is 
smaller than rBa2+.
26
 As the c/a ratio an important parameter representing the lattice distortion of 
the tetragonal crystal, Fig. 2 displays this parameter at room temperature for all the ceramics 
investigated in this study. It is seen that c/a of (1-x)BaTiO3–x(Bi1/2Na1/2)TiO3 (BTO-Na) and (1-
x)BaTiO3–x(Bi1/2K1/2)TiO3 (BTO-K) increases with increasing content of the doping compound, 
while in the (1-x)BaTiO3–x(Bi1/2Li1/2)TiO3 (BTO-Li) system it decreases. For (1-x)BaTiO3–
x(Bi1/2Ag1/2)TiO3 (BTO-Ag) and (1-x)BaTiO3–x(Bi1/2Cs1/2)TiO3 (BTO-Cs) compositions, the c/a 
ratio declines first and then, rises up to the similar level with pure BaTiO3. The value for (1-
x)BaTiO3–x(Bi1/2Rb1/2)TiO3 (BTO-Rb) system does not change with the molar fraction x.  
The surface of as-sintered pellets was examined with SEM and the results for some 
selected compositions are shown in Fig. 3. The grain morphology is different for the ceramics 
with different doping compounds. It is obvious that BTO-Li4 displays the largest grain size, 
while the BTO-Cs3 composition shows the smallest. The average grain sizes are 1.06μm, 
3.00μm, 0.97μm, 1.11μm, 1.17μm and 0.63μm for BTO-Ag3, BTO-Li4, BTO-Na4, BTO-K4, 
BTO-Rb3 and BTO-Cs3, respectively. Density measurements on all the compositions with the 
Archimedes’ method indicate that compositions in the BTO-Ag system have relative densities 
~98%, those in the BTO-Li, BTO-Na, and BTO-Rb systems are ~93%, and those in the BTO-K, 
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and BTO-Cs systems are ~90%. The low density of the BTO-K and BTO-Cs ceramics may 
adversely impact their electrical properties.  
(2)  Dielectric properties and phase transitions 
Figure 4 shows the temperature dependence of εr and tanδ at 100 kHz of the ceramics 
with different doping compounds. The data for BTO are also presented in Fig. 4(a) and 4(b) for 
direct comparison. In general, the dielectric constant of all solid solution ceramics in the 
measurement temperature range is lower than that of BTO, especially at the Curie temperature. 
In contrast, the loss tangent of the solid solutions is higher than BTO. With respect to pure 
BaTiO3, Curie temperature for all the samples (except BTO-Li12) shifts to above 130 
o
C. The 
dielectric peaks at TC in BTO-Ag, BTO-Li, BTO-Rb, and BTO-Cs compositions are relatively 
sharp, suggesting an abrupt phase transition. However, the peaks in the curves for BTO-Na and 
BTO-K systems are broad and diffuse. In addition, there is a shoulder in the dielectric constant 
curves around 130 
o
C for BTO-Na4, BTO-Na8, BTO-Na12, BTO-Na16, BTO-K4 and BTO-K8. 
This anomaly is likely to be caused by composition heterogeneity in the form of a core-shell 
grain structure
27
 in these compositions. It is also noticed that incorporating (Bi1/2A1/2)TiO3-type 
compounds in BaTiO3 significantly smoothens the two ferroelectric-ferroelectric transitions, 
leading to a remarkably wide temperature window (-120 
o
C – 100 oC) with an almost constant 
dielectric constant and loss tangent, which suggests these compositions are promising for 
dielectric applications in electrical capacitors. The origin for the anomaly around 0 
o
C in the tanδ 
curve of BTO-Rb9 and BTO-Cs9 is not clear.  
The Curie temperature TC determined from the dielectric measurement is summarized in 
Fig. 5. Of the six binary solid solution systems, BTO-Na and BTO-K systems stand out for their 
apparently enhanced Curie temperatures. The other four systems (BTO-Ag, BTO-Li, BTO-Rb, 
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BTO-Cs) exhibit very moderate increase in TC. It is interesting to notice that the variation of TC 
with respect to the composition (Fig. 5) shows a similar trend as to the variation of c/a ratio (Fig. 
2). It is assumed that in perovskite structure, when the crystal displays a larger lattice distortion, 
the phase transition from tetragonal to cubic will require more energy, which means a higher 
TC.
28
   
  
(3) Ferroelectric properties  
The P vs. E hysteresis loops were measured at room temperature with a peak field of 
30kV/cm. Representative loops for compositions with the lowest dopant content in each system 
are displayed in Fig. 6(a). The remanent polarization Pr and coercive field EC derived from the 
hysteresis loops for all compositions are plotted in Fig. 6(b) and (c). Again, Pure BTO is 
included as a reference. It appears no clear trend in Pr with respect to composition x in BTO-Ag, 
BTO-Li, BTO-Rb and BTO-Cs systems. In BTO-Na and BTO-K, Pr apparently gets suppressed 
with increasing x.  
Figure 6(c) displays the trend for EC with respect to composition x in all the investigated 
binary systems. It is evident that EC increases with increasing x initially and then saturates when 
x reaches 0.10. Also, EC is quite comparable for all the binary solid solution systems at the same 
value of x.  
 
(4) Piezoelectric properties 
The piezoelectric coefficient d33 of the ceramics is shown in Fig. 7. For all binary solid 
solution systems investigated here, a dramatic decrease in d33 is found at the lowest doping level 
(0.03 or 0.04 mol. fraction). Specifically, d33 was measured to be 151 pC/N for BTO, 90 pC/N 
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for BTO-Ag3, 68 pC/N for BTO-Li4, 43 pC/N for BTO-Na4, 77 pC/N for BTO-K4, 67 pC/N for 
BTO-Rb3, and 42 pC/N for BTO-Cs3. Further increase in the molar fraction of (Bi1/2A1/2)TiO3-
type doping compounds results in further reductions in d33, but at a much reduced pace.  
Several factors may have contributed to the inferior piezoelectric property in these solid 
solution ceramics. First, there is an orthorhombic-tetragonal phase transition in BTO around 
room temperature. In solid solutions, this transition appears to be shifted to lower temperatures. 
Usually d33 is enhanced at the temperature of a ferroelectric-ferroelectric transition.
29
 Second, the 
decrease in d33 in BTO-Na and BTO-K systems could also be associated with the increased TC 
and c/a ratio. Empirical rules indicate that superior d33 often occurs in compositions with low 
TC
30
 and a larger c/a ratio makes domain switching harder.
31
 Third, all the ceramics were poled at 
a fixed DC field of 30 kV/cm. However, the coercive field EC in the solid solution ceramics 
increases dramatically compared to BTO (Fig. 6). Therefore, these solid solution ceramics may 
not have been poled as fully as BTO. Fourth, the density of these ceramics, except pure BTO and 
BTO-Ag, should be improved. The relative density of the pure BTO ceramic is ~98%. The 
increased porosity in the BTO-Li, BTO-Na, BTO-K, BTO-Rb, and BTO-Cs systems is expected 
to have detrimental effect on their piezoelectric d33 coefficients.  
  
4.4 Conclusions 
BaTiO3 is chemically modified by making binary solid solutions with (Bi1/2A1/2)TiO3 (A 
= Ag, Li, Na, K, Rb, Cs) for the development of lead-free piezoelectric ceramics with increased 
Curie temperature. The experimental results indicate that (Bi1/2Ag1/2)TiO3, (Bi1/2Li1/2)TiO3, 
(Bi1/2Rb1/2)TiO3, and (Bi1/2Cs1/2)TiO3 have low solubility in BaTiO3 and their impact on Curie 
temperature is moderate. All the binary systems studied display a stabilized tetragonal phase, an 
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increased coercive field and unfortunately a decreased piezoelectric coefficient d33. However, the 
stabilized tetragonal phase provides a weak temperature dependence of its dielectric constant in a 
widely broadened temperature range (-120 
o
C – 100 oC), which suggests for potential capacitor 
applications.  
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Figures 
 
 
Fig. 1. Room temperature X-ray diffraction spectra for selected 
compositions of sintered ceramics of (1-x)BaTiO3–
x(Bi1/2A1/2)TiO3 (A = Ag, Li, Na, K, Rb, Cs) binary solid 
solution systems.  
 
 
Fig. 2. The c/a ratio of the tetragonal phase as a function of molar fraction 
x in the studied binary systems.  
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Fig. 3. SEM micrographs of the as-sintered ceramics. (a) BTO-Ag3, (b) 
BTO-Li4, (c) BTO-Na4, (d) BTO-K4, (e) BTO-Rb3, (f) BTO-Cs3. 
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Fig. 4. Temperature dependence of the dielectric constant r and loss 
tangent tan measured at 100 kHz during heating. (a) BTO-Ag, (b) 
BTO-Li, (c) BTO-Na, (d) BTO-K, (e) BTO-Rb, (f) BTO-Cs. The 
data for BTO are included in (a) and (b) as a reference.  
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Fig. 5. The phase transition temperatures as a function of molar fraction x 
in the studied binary systems.  
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Fig. 6. (a) The remanent polarization Pr and (b) coercive field EC as a 
function of molar fraction x in the studied binary systems. The 
values were read from the P vs. E hysteresis loops under 30 kV/cm 
at room temperature.  
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Fig. 7. The piezoelectric coefficient d33 as a function of molar fraction x in the 
studied binary systems. The measurements were taken 24 hours after 
electrical poling under 30 kV/cm at room temperature.   
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CHAPTER 5. EVOLUTION OF STRUCTURE AND ELECTRICAL 
PROPERTIES WITH LANTHANUM CONTENT IN 
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Abstract 
Lead-free perovskite [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 (x = 0.00 ~ 0.10) ceramics were 
fabricated via the solid state reaction method and their crystal structures and electrical 
properties were systematically studied. Transmission electron microscopy examination reveals 
a transition from a rhombohedral R3c phase with micron-sized complex domains to a mixture 
of rhombohedral R3c and tetragonal P4bm phases with nanodomains as La content was 
increased. X-ray diffraction analysis on bulk samples, however, indicates a pseudocubic 
structure in La-doped compositions. Electrical poling seems to transform the pseudocubic 
structure to a rhombohedral phase in compositions with 0.00 < x < 0.03. With La addition, the 
depolarization temperature (Td) is observed to decrease and the dielectric constant (εr) within 
100 ~ 350 
o
C becomes more temperature independent, promising for applications in high-
temperature capacitors. Electric field-induced polarizations and strains display complex 
changes with respect to La concentration, with the highest strain of 0.35 % achieved in the 
composition x = 0.04 under 70 kV/cm at room temperature. The piezoelectric coefficient d33 
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initially increases with La content, reaching a maximum value of 151 pC/N in the composition 
x = 0.02, and then diminishes. 
5.1. Introduction 
Widespread use of electromechanical materials has urged the study on advanced 
ceramics which have outstanding ferroelectric and piezoelectric properties.
1
 These functional 
ceramics have been commercially utilized in actuators, sensors, and high temperature 
capacitors.
2,3
 In the most widely used piezoelectric ceramics, Pb(Zr1-xTix)O3 (PZT), the best 
electromechanical properties are found in the so-called morphotropic phase boundary (MPB) 
compositions.
1
 This has been attributed to the coexistence of multiple phases,
1
 the presence of 
a low-symmetry monoclinic phase,
4
 and the formation of nanometer-sized ferroelectric 
domains.
5
 Lanthanum is an interesting chemical dopant for PZT (especially PbZr0.65Ti0.35O3) 
which introduces excellent electro-optic properties
6,7
 and a relaxor behavior.
8,9
 
Microstructurally, La addition destroys the long range ferroelectric order in the rhombohedral 
R3c phase, forming nanometer-sized domains that can be easily reoriented under electric 
field.
10,11
 As a consequence, ultrahigh piezoelectric coefficient d33 (in excess of 700 pm/V)
3
 
and large electric field-induced strains are observed in these ceramics.
10,11
  
However, the negative impact on the environment of these lead-containing ceramics 
has led to extensive research worldwide to develop lead-free compositions with comparable 
electromechanical properties.
12
 Previous research has identified the (Bi1/2Na1/2)TiO3–BaTiO3 
(BNT–BT) binary solid solutions as one of the most promising systems due to their high 
transition temperatures and d33 values.
12,13
 Our recent work has updated the phase and domain 
structure in BNT–BT as a function of composition,14,15 temperature,16 and electrical poling 
field.
17,18
 These studies have clarified the composition-induced transitions from the monoclinic 
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Cc, to rhombohedral R3c, to tetragonal P4bm, and to tetragonal P4mm phases in the unpoled 
state at ambient conditions. The intermediate P4bm phase displays nanometer-sized polar 
domains with typical relaxor behavior and can be poled to be piezoelectric with the d33 around 
165 pC/N.
19
 To preserve the nanometer-sized domains of the P4bm phase, the poling field has 
to be below the critical field of phase transition. Therefore, the low poling field may have 
compromised the full development of piezoelectricity.  
It is interesting to notice the existence of a ferroelectric R3c phase in the BNT–BT 
binary system with BT content between 4% and 5%.
18
 This rhombohedral phase is stable 
against the poling field and does not experience any phase transition prior to dielectric 
breakdown. Considering the formation of nanometer-sized domains with the R3c symmetry 
through La-doping in PbZr0.65Ti0.35O3 and the resultant ultrahigh d33 values,
3,19
 the present 
work employs La-doping to reduce the domain size in the R3c phase of 
(Bi1/2Na1/2)0.95Ba0.05TiO3, with the hope to further improve piezoelectric properties. In addition, 
La addition is likely to decrease the thermal depolarization temperature, Td, in BNT–BT. When 
Td is close to room temperature, the added structural instability may help to achieve large d33 
values.
20,21
  
La-doping in BNT–BT has been reported previously in literature, primarily in 
(Bi1/2Na1/2)0.94Ba0.06TiO3.
22,23,24
 It was found that La addition changed the polarization 
hysteresis loops into pinched ones, suggesting a strengthened antiferroelectric order. This is 
similar to the trend observed in La-doped PZT ceramics.
10
 In K0.5Na0.5NbO3 modified 
(Bi1/2Na1/2)0.94Ba0.06TiO3 ceramics, the antiferroelectric order is also enhanced, and large 
electrostrictive strains were observed.
25
 However, the strains developed under applied field in 
these La-doped (Bi1/2Na1/2)0.94Ba0.06TiO3 ceramics were not reported previously. Moreover, it 
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should be noted that (Bi1/2Na1/2)0.94Ba0.06TiO3 is mainly comprised of the P4bm phase with 
nanometer-sized domains;
14,15
 it is not the desired R3c phase, and the domain size reduction by 
La addition is limited. Furthermore, the domain morphology in these ceramics has not been 
examined and hence the impact of the La-dopant on this composition has yet to be confirmed.  
 
5.2. Experiemental 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 (x = 0.00 ~ 0.10) ceramics were fabricated using the 
solid reaction method. Oxide and carbonate powders of Bi2O3 (≥ 99.9%, Aldrich), TiO2 (≥ 
99.99%, Aldrich), La2O3 (≥ 99.999%, Alfa Aesar), Na2CO3 (≥ 99.9%, Fisher), and BaCO3 (≥ 
99.997%, Alfa Aesar) were used as starting raw materials. Na2CO3 and La2O3 powders were 
baked before batching. The raw powders were weighed according to the chemical formula, 
then mixed and vibratory milled in ethanol with zirconia milling media for 6 hours. After 
drying, the mixtures were calcined at 800-900
o
C and then milled again for 6 hours. Using 
polyvinyl alcohol as a binder, the calcined powders were pressed into circular disks under 300 
MPa. With disks buried in the same composition protective powder, sintering was performed at 
1150 
o
C for 3 hours in alumina crucibles at a heating/cooling rate of 5 
o
C/min.  
The phase purity and crystal structure of as-sintered and poled ceramic pellets were 
analyzed with X-ray diffraction (Model-D500, Siemens, Germany). The density of all samples 
was measured using the Archimedes method. The grain morphology was examined with 
scanning electron microscopy (SEM, FEI Quanta 250) on the polished cross-sections after 
chemical etching in a mixed solution of hydrochloric acid and hydrofluoric acid for 30 to 60 s. 
Transmission electron microscopy (TEM) was performed to reveal the domain structures in 
selected compositions with a Phillips CM-30 microscope operated at 200 kV. TEM specimens 
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were prepared via standard procedures including grinding, cutting, dimpling, and ion milling. 
The dimpled disks were annealed at 300 
o
C for 2 hours to minimize artifacts introduced during 
mechanical thinning.  
Electrical properties were measured after silver paste (Dupont 6160, Durham, NC) was 
fired on the surfaces of the samples at 850 
o
C as an electrode. The dielectric constant (εr) and 
loss tangent (tanδ) were measured using an LCR meter (HP-4284A, Hewlett-Packard) in a tube 
furnace with a heating rate of 4 
o
C/min at frequencies of 1, 10, and 100 kHz for unpoled and 
poled samples. The polarization (P) developed under applied electric fields was monitored by a 
standardized ferroelectric test system (RT-66A, Radiant Technologies) at 4 Hz at room 
temperature under a peak field of 70 kV/cm. The longitudinal strain (S) developed under 
electric field in the form of a triangular wave of 0.05 Hz was measured with an MTI-2000 
fotonic sensor (MTI Instruments Inc., Albany, NY). For piezoelectric measurements, pellets 
were poled under DC fields of two times their coercive fields (Ec) for 10 minutes at room 
temperature. A piezo-d33 meter (Model ZJ-4B, Institute of Acoustics, Chinese Academy of 
Sciences, China) was used to take 10 measurements across the electrode of the sample. 
 
5.3. Results and discussion 
The SEM micrographs recorded on the polished cross-sections of selected compositions 
after chemical etching are displayed in Fig. 1. The ceramics are of high density with different 
grain sizes and morphologies. The average grain sizes, determined with the linear intercept 
method, are 1.67, 1.72, 0.92, and 0.88 μm for x = 0.00, 0.02, 0.03, and 0.06, respectively. 
Initial addition of La (x ≤ 0.02) does not seem to influence the grain size; further increase in La 
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leads to suppression of grain growth during sintering. Density measurements indicate values in 
the range of 93% ~ 98% for the relative density.  
The X-ray diffraction patterns of as-sintered ceramics are displayed in Fig. 2(a). It is 
obvious that the compositions of x ≤ 0.05 are of single phase with the perovskite structure. 
Trace amount of second phase is seen in the composition of x = 0.06. Therefore, the solubility 
of La in (Bi1/2Na1/2)0.95Ba0.05TiO3 is 5 at.%, which is consistent with a previous report.
22
 A 
close examination of the patterns around 2θ = 40o is shown in Fig. 2(b), where the {111} peak 
splitting is seen in the ceramic of x = 0.00. This is consistent with our previous work;
18
 
(Bi1/2Na1/2)0.95Ba0.05TiO3 is rhombohedral with the R3c space group. However, with addition of 
La, the split peaks merge into one, indicating a pseudocubic structure. The X-ray diffraction 
analysis on the poled sample of (Bi1/2Na1/2)0.95Ba0.05TiO3, seen in Fig. 2(c), shows the intensity 
of the (111) and (111̅) peaks change, suggesting the occurrence of permanent domain 
switching due to electrical poling. The comparison between the X-ray diffraction patterns of 
unpoled and poled pellets of x = 0.01, 0.02, and 0.025 seems to suggest an electric field-
induced phase transition during poling. However, the pseudocubic structure for compositions 
of x = 0.03, 0.04, 0.05, and 0.06 remains after poling.  
The domain structure of as-sintered ceramics is examined with TEM, and the results are 
shown in Fig. 3 for representative compositions. Consistent with the X-ray diffraction results 
on a bulk sample (Fig. 2) and our previous TEM work,
14,15
 the base composition 
(Bi1/2Na1/2)0.95Ba0.05TiO3 displays primarily complex domains with the R3c symmetry, as 
manifested by the presence of 1/2{ooo} superlattice diffraction spots (o stands for odd Miller 
indices) in the [110] and [112] zone axis electron diffraction patterns. Well-defined domain 
walls are found along two orthogonal {100} crystallographic planes, and hence the domains 
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are very likely to be 109° domains (Fig. 3(a)). In a grain that is imaged along the [110] zone 
axis (Fig. 3(b)), the edge-on domain walls along (001) planes are clearly contrasted. The 
1/2{ooo} superlattice spots, indicating the rhombohedral R3c symmetry with the a
-
a
-
a
-
 oxygen 
octahedral tilting, are highlighted by the bright circle in the inset. Fig. 3(c) shows a grain that is 
imaged along the [112] zone axis. Again, complex domains with inclined domain walls are 
observed. Crystallographic analysis indicates that these domain walls are very likely to be on 
{100} planes. The selected electron diffraction pattern from these complex domains, Fig. 3(c1), 
shows strong 1/2{ooo} superlattice spots, confirming the R3c symmetry. It is also apparent that 
the grains shown in Fig. 3(a), (b), (c) all contain small portions with nanodomains. Electron 
diffraction from the circled area containing such nanodomains in Fig. 3(c) indicates the 
presence of the 1/2{ooe} superlattice diffraction spots (e stands for even Miller indices), as 
marked by the bright arrow in Fig. 3(c2). According to our previous studies,
14,15
 these 
nanodomains are of tetragonal P4bm symmetry with the a
0
a
0
c
+
 oxygen octahedron tilting. 
Therefore, the base composition (Bi1/2Na1/2)0.95Ba0.05TiO3 is primarily consisted of the 
rhombohedral R3c phase, with a minor amount of the tetragonal P4bm phase.  
With 2 at.% La substitution, TEM examination reveals that around two thirds of all the 
grains in the specimen are occupied by nanodomains (Fig. 3(d)), while the remaining one third 
exhibit a core-shell structure with complex domains in the small cores and nanodomains in the 
large surrounding volume. For the grains with only nanodomains, the electron diffraction 
pattern recorded along the [112] zone axis reveals the presence of both 1/2{ooo} and 1/2{ooe} 
superlattice diffraction spots, see the inset in Fig. 3(d). This can be attributed to the coexistence 
of the R3c nanodomains and the P4bm nanodomains. The possibility of a single phase with a 
combination of in-phase and antiphase titling has been ruled out based on the fact that the 
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1/2{eeo}-type superlattice diffraction spots are expected to be accompanied by 1/2{ooo} and 
1/2{ooe} spots in all possible single phases.
26
 Extensive TEM examinations on about 20 grains 
did not indicate the presence of any 1/2{eeo} superlattice spots. However, the distortions seen 
from the electron diffraction seem to be invisible to the X-ray diffraction on the bulk sample 
where a pseudocubic phase is revealed. This may well have originated from the limited 
resolution power of the X-ray diffractometer.  
Further increase in La content leads to the formation of new microstructural features in 
grains. Fig. 3(e) displays a representative micrograph and an electron diffraction pattern for the 
composition of x = 0.04. Polar nanoregions are dominant in all the grains, with both 1/2{ooo} 
and 1/2{ooe} superlattice diffraction spots present. Most interestingly, a large number of 
defects are seen. They appear to be straight dislocations but are more likely to be the early 
precipitates of a second phase, similar to those observed in La-doped BaTiO3.
27
 Therefore, the 
La dopant is found to suppress the long-range ferroelectric order and disrupt ferroelectric 
domains into nanometer-sized domains in (Bi1/2Na1/2)0.95Ba0.05TiO3, a lead-free composition; 
this effect has also been observed in lead-containing ferroelectric ceramics.
10,11
  
Figure 4 shows the temperature dependence of relative dielectric permittivity εr and loss 
tangent tanδ measured during heating at 1, 10, and 100 kHz on unpoled and poled samples. 
The base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, displays two dielectric anomalies at the 
thermal depolarization temperature, Td, and the dielectric maximum temperature, Tm. At Td, the 
ceramic experiences a spontaneous transition from the relaxor ferrielectric P4bm phase to the 
ferroelectric R3c phase during cooling, and the ferroelectric R3c domains turn into nanometer-
sized domains during heating.
16,28
 According to previous studies,
17,18
 electrical poling 
presumably transforms the trace amount P4bm phase into R3c phase and grows the 
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ferroelectric domains in the original and induced R3c phase. This is manifested as a better 
defined Td on the dielectric curves from the poled sample (Fig. 4(b)). The incorporation of La 
apparently eliminates Td within the measurement temperature range and enhances the 
frequency dispersion in unpoled samples. Electrical poling causes the Td and associated 
dielectric anomaly to return; however, the anomaly becomes weaker as La content increases, 
see Fig. 4(d), (f), (h). In compositions x = 0.03, 0.04, 0.05, and 0.06, poling no longer produces 
any difference in the dielectric curves. In addition, the compositions x = 0.05 and 0.06 display 
a high (εr > 2000) and remarkably stable dielectric constant along with an extremely low loss 
tangent within the temperature range of 120 ~ 330 
o
C, suggesting potential applications of 
these ceramics as dielectrics in high temperature capacitors.  
The temperature Tm from all unpoled samples, together with Tm and Td from poled 
samples, is shown in Fig. 5. It seems that La addition does not affect Tm, and electrical poling 
also has a very limited impact on Tm. In contrast, Td in poled ceramics decreases quickly with 
La content and eventually disappears from the measured temperature range in ceramics with x 
≥ 0.03.  
Combined with the microstructure evolution revealed with TEM, it is understood that 
the base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, is primarily of the R3c phase in the form of 
complex ferroelectric domains in the unpoled state. Electrical poling triggers an irreversible 
phase transition of the trace amount of P4bm phase and aligns domain polarizations in the R3c 
phase.
17
 La-doping at low levels (x = 0.01, 0.02, 0.025) transforms the base composition from a 
ferroelectric to a non-ergodic relaxor at room temperature,
9,10,19
 most likely with a ferrielectric 
order.
28,29
 These compositions possess static polar nanodomains which, unlike the dynamically 
fluctuating polar nanoregions in ergodic relaxors, can be poled and aligned under applied 
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electric fields. In the unpoled state, these polar nanodomains are responsible for the frequency 
dispersion in the dielectric behavior and the absence of Td. Electron diffraction appears to 
suggest mixed phases with R3c and P4bm distortions at the nanoscale; however, the distortion 
is too small to be detected by a conventional laboratory X-ray diffractometer. Electrical poling 
at high fields induces a phase transition and the induced ferroelectric phase remains at 
temperatures up to Td. Further increase in La content (x = 0.03, 0.04, 0.05, 0.06) makes the 
ceramics an ergodic relaxor with dynamically fluctuating polar nanoregions. The polar 
nanoregions, responsible for the frequency dispersion in the dielectric behavior, do not sustain 
the macroscopic polarization developed under an applied field when the field is removed. The 
mixed phases revealed by electron diffraction are again hardly seen by X-ray diffraction on 
bulk samples.  
The electric field-induced phase transition during poling is also supported by the 
development of polarization (P) and strain (S) during the very first half cycle of applied field, 
as displayed in Fig. 6. The data are recorded at room temperature under a peak field value of 
70 kV/cm. For non-ergodic relaxor compositions (x = 0.01, 0.02, 0.025), the P vs. E and S vs. 
E curves look similar, and the strain takes an abrupt increase at the critical phase transition 
field EF.
19
 It is interesting to note that EF is the lowest (~30 kV/cm) for the composition x = 
0.01 and is approaching 40 kV/cm for the other two compositions. The polarization and strain 
curves also take a similar form for the ergodic relaxor compositions (x = 0.03, 0.04, 0.05, 0.06). 
Under the intense applied field, the composition x = 0.03 seems to have some extent of phase 
transition.  
After the first cycle of applied field at a peak value of 70 kV/cm, hysteresis loops of 
polarization and strain under successive bipolar field cycles were recorded and are displayed in 
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Fig. 7. The base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, displays a normal P vs. E hysteresis 
loop and a typical butterfly-shaped strain curve. For compositions of x = 0.01, 0.02, 0.025 (Fig. 
7(a) and (c)), the data represent the response of the induced ferroelectric phase to the applied 
field. Typical strain curves are recorded; however, apparent distortions can be seen in the P vs. 
E loops. These distortions may well be related to the relaxor↔ferroelectric phase transition.30 
The compositions x = 0.03 and 0.04 display pinched polarization hysteresis loops and sprout-
shaped strain curves, while the compositions x = 0.05 and 0.06 show an almost linear dielectric 
behavior (Fig. 7(b) and (d)). Similar results in electric field-induced polarization and strain 
have been observed previously in other ceramics.
2,31
   
The properties measured from Fig. 7, including the remanent polarization Pr, maximum 
polarization Pmax, the coercive field Ec (together with EF obtained from Fig. 6), the maximum 
strain Smax and strain range S, are plotted in Fig. 8 to illustrate the impact of the La-dopant to 
the base composition. It is seen that the composition x = 0.01 is quite unusual. It has the largest 
polarizations (Pr = 39 μC/cm
2
, Pmax = 45 μC/cm
2
), lowest EF (30 kV/cm) which is lower than 
its Ec, and yet very low strains. The abrupt drop of Pr at x = 0.03 supports the characterization 
of this and others with higher La contents as ergodic relaxors. The coercive field Ec measured 
from the P vs. E loops under the second cycle of applied field continuously decreases with La 
content. Meanwhile, the maximum strain, Smax, and the strain range, S, initially increase with 
La content, both reaching a maximum of 0.35% in the composition x =0.04, then decrease 
significantly in x = 0.05 and 0.06. The difference between Smax and S is the negative strain.
32
 
Apparently, La addition reduces the negative strain, which becomes zero in compositions x = 
0.04, 0.05, 0.06. The highest strain under strong electric field is observed in the composition 
where the negative strain just becomes zero.
2,25
 Such compositions are referred to as incipient 
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piezoelectrics and are good candidates for actuator materials. Considering the potential 
applications of compositions x = 0.05 and 0.06 as dielectrics in high temperature capacitors due 
to their high and temperature-stable dielectric constant along with extremely low loss tangent 
(Fig. 4), the minimal dimension change under electric field revealed in Fig. 7 and 8 would 
definitely be helpful in suppressing mechanical failure and extending service life time.  
The small signal piezoelectric coefficient d33 is displayed in Fig. 9. Consistent with 
microstructural analysis, dielectric properties and electromechanical measurement results, the 
changes in the ergodic relaxor ceramics (x = 0.03, 0.04, 0.05, 0.06) under strong poling fields 
do not remain after the poling field is removed. As a consequence, close to zero values of d33 
are recorded. In contrast, the aligned domain polarizations in the ferroelectric base composition 
(x = 0.00) and the induced ferroelectrics phase in non-ergodic relaxor compositions (x = 0.01, 
0.02, 0.025) are largely preserved after the poling field is removed, and high d33 values are 
measured. La addition enhances the small signal d33 coefficient (119 pC/N for x = 0.00 while 
151 pC/N for x = 0.02), and the enhancement is likely due to the formation of nanometer-sized 
domains and the reduced Td. However, it should be pointed out that the measured d33 values are 
still far below those observed in La-doped PbZr0.65Ti0.35O3 with R3c nanodomains.
3,11
 In 
addition to the structural instability manifested by the nanodomains and the close-to-room-
temperature Td, the chemistry of the ceramic apparently also dictates its piezoelectric properties.  
The dielectric properties displayed in Fig. 4 suggest potential applications of the high 
La-content compositions as high-temperature dielectrics. To further verify this, the 
compositions of x = 0.08 and 0.10 are evaluated. As shown in Fig. 10, high and yet remarkably 
stable dielectric constants are seen for both compositions in the temperature range between 100 
o
C and 350 
o
C. The values of εr are ~1500 (±6%) and 1250 (±4%) for x = 0.08 and x = 0.10, 
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respectively, in this temperature window, which are compared favorably to other perovskite 
compositions reported previously.
33,34
 Furthermore, no dielectric dispersion is detected while 
the loss tangent remains below 0.1 %. The extremely low loss tangent allows the application of 
strong electric fields to these ceramics. As shown in Fig. 11, the P vs. E hysteresis loops were 
recorded at a peak field of 100 kV/cm at temperatures up to 175 
o
C. Compared to those low 
La-content compositions, the hysteresis loops for these two compositions are much slimmer, 
the composition x = 0.10 almost shows a linear dielectric behavior. The maximum polarization 
decreases slightly as temperature increases and no sign of polarization saturation is seen even 
at 100 kV/cm and 175 
o
C. Therefore, these high La-content compositions are indeed very 
promising for the use as high-temperature dielectrics. It should be noted that the second phase 
peaks in the X-ray diffraction patterns becomes more evident in compositions x = 0.08 and 
0.10.  
 
5.4. Conclusions 
The crystal structure, domain morphology, and electrical properties of 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 (x = 0.00 ~ 0.10) ceramics are systematically investigated. La 
dopant is found to transform the base composition, (Bi1/2Na1/2)0.95Ba0.05TiO3, from a normal 
ferroelectric to a non-ergodic relaxor (x = 0.01 ~ 0.025) and then to an ergodic relaxor (x = 
0.03 ~ 0.06). The non-ergodic relaxor compositions display an electric field-induced phase 
transition and after poling, high piezoelectric properties (151 pC/N in x = 0.02). The ergodic 
relaxor compositions with low La content (x = 0.03 and 0.04) develop large strains under 
electric fields (0.35% at 70 kV/cm in x = 0.04), promising for linear displacement actuator 
applications. The compositions with high La content (x = 0.06, 0.08 and 0.10) are promising 
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for applications in high temperature capacitors due to their remarkably high and yet stable 
dielectric permittivity and extremely low loss tangent in a wide temperature range of 100 – 350 
o
C.  
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Figures 
 
 
 
 
Fig. 1. SEM micrographs recorded from polished and then chemically 
etched   cross-sections of [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. 
(a) x = 0.00; (b) x = 0.02; (c) x = 0.03; (d) x = 0.06. 
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Fig. 2. X-ray diffraction analysis of the [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 
ceramics. (a) The full patterns of the unpoled ceramics; and a close 
look at the {111} peak of the (b) unpoled ceramics and (c) poled 
ceramics.  
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Fig. 3. TEM examination of the domain morphology and crystal structure in as-sintered 
(unpoled) [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics. Bright-field micrographs 
recorded on grains in the base composition (Bi1/2Na1/2)0.95Ba0.05TiO3 along their (a) 
[001] zone axis, (b) [110] zone axis, and (c) [112] zone axis; and (d) in the 
composition x = 0.02 along the [112] zone axis, (e) in the composition x = 0.04 along 
the [112] zone axis. The representative selected area electron diffraction patterns are 
shown as insets. The diffraction pattern from the complex domain region in the grain 
shown in (c) is displayed in (c1) while that from the circled area in (c) with 
nanodomains included is shown in (c2). The 1/2{ooo} and 1/2{ooe} superlattice 
diffraction spots are indicated by bright circles and bright arrows, respectively.  
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Fig. 4. Dielectric constant εr and loss tangent tan δ vs. temperature curves 
measured at 1, 10, and 100 kHz during heating of (a), (c), (e), (g), 
(i), (j), (k), (l) unpoled ceramics, and (b), (d), (f), (h) poled samples.  
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Fig. 5. La content dependence of Tm and Td in [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 
ceramics.  
 
 
Fig. 6. The development of polarization and strain in unpoled 
[(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics under the very first half 
cycle field of an amplitude of 70 kV/cm at room temperature. 
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Fig. 7. The P vs. E and S vs. E curves under bipolar fields during successive 
cycles: (a) and (c) x = 0.00, 0.01, 0.02, 0.025; (b) and (d) x = 0.03, 
0.04, 0.05, 0.06.  
 
 
Fig. 8. (a) Pr and Pmax, (b) Ec and EF, and (c) Smax and S as a function of La 
content in [(Bi1/2Na1/2)0.95Ba0.05]1-xLaxTiO3 ceramics.  
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Fig. 9. The piezoelectric coefficient d33 as a function of La content in BNT-BT. 
 
 
 
Fig. 10. Temperature dependence of dielectric permittivity curves for (a) x 
= 0.08 and (b) x = 0.10. 
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Fig. 11. The P vs. E hysteresis loops for (a) x = 0.08 and (b) x = 0.10 at 25, 
75, 125 and 175 
o
C. 
 
99 
 
99 
CHAPTER 6. GIANT STRAINS IN NON-TEXTURED (Bi1/2Na1/2)TiO3-
BASED LEAD-FREE CERAMICS 
 
A manuscript currently under review with Advanced Materials 
 
Xiaoming Liu and Xiaoli Tan* 
 
 
Abstract 
Giant electric field-induced strain of 0.70%, corresponding to a d33* value of 1400 pm V
-1
, is 
observed in a lead-free non-textured (Bi1/2Na1/2)TiO3-based polycrystalline ceramic fabricated 
with the solid state reaction method. This represents a ~50% improvement over previous lead-
free ceramics and is even comparable to the properties of single crystals. In-situ TEM study 
indicates that the excellent performance is originated from the phase transitions under applied 
electric fields 
 
6.1 Introduction 
Recent intense research on lead-free piezoceramics has led to the discovery of many 
oxide ceramics with excellent properties.
[1-4]
 Among reported solid solution families, the 
bismuth-alkali titanate-based system develops the largest strain under applied electric field 
(0.45~0.48%),
[5-7]
 making it a promising material for applications in actuators.
[8,9]
 However, high 
electric fields are required in this system, resulting in a low d33* (the large-signal piezoelectric 
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coefficient). Values of d33* greater than 1000 pm V
-1
 were reported in barium titanate- and 
alkali-niobate-based families, but the achievable electrostrain is quite low (often below 0.3%).
[10-
12]
 Single crystals possess remarkable values for both d33* and electrostrain,
[13,14]
 the difficulties 
in fabrication and associated high cost have yet to be overcome for production in quantity. In this 
Communication we report giant electrostrain (0.70%) and d33* (1400 pm V
-1
) in a non-textured 
lead-free polycrystalline ceramic. These excellent properties are attributed to electric-field-
induced phase transitions, according to in-situ transmission electron microscopy examinations. 
The results are directly beneficial to next-generation actuators, and may also shed light on the 
development of deformable structural ceramics.  
To clearly compare actuation properties of bulk lead-free oxides, data from previous 
literature was compiled in a strain vs. d33* plot, shown in Figure 1. Lead-containing ferroelectric 
ceramics are also included as reference. It is clear that single crystals in the bismuth-alkali 
titanate family stand out for both large electrostrain and high d33*. Our polycrystalline ceramic 
with randomly oriented grains is even better than some single crystals in terms of these 
properties.  
The ceramic, with a nominal composition of [Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04(Ti1-xNbx)O3 
(x = 0.025, abbreviated as BNT-2.5Nb), was fabricated using the solid state reaction method with 
pressureless sintering. This composition series was initially reported by Malik et al.
 [6]
 with a 
maximum electrostrain of 0.44% and d33* of 876 pm V
-1
. We fabricated five compositions in this 
system (Figure S1 in Supplementary Information) and found the properties depended strongly on 
processing conditions. Since the composition is complex with six cations, two calcinations were 
carried out to ensure composition homogeneity. In addition, we noticed that a larger grain size 
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seemed to be essential for large electrostrains; hence a higher sintering temperature and a longer 
time than the original report
[6]
 were used.  
 
6.2 Results and discussion 
The electric field-induced polarization and strain for a series of temperatures and bipolar 
cycles are displayed in Figure 2 for the BNT-2.5Nb ceramic processed under the optimized 
sintering condition. At room temperature (25 
o
C) under bipolar fields of 50 kV cm-1, a pinched 
polarization hysteresis loop (Figure 2a) and a highly asymmetric sprout-shaped strain loop 
(Figure 2b) were observed. The larger strain lobe displayed an extremely large value of 0.70% at 
50 kV cm
-1
. This value is ~50% higher than the best electrostrains in textured and non-textured 
polycrystalline ceramics reported previously and corresponds to a d33* of 1400 pm V
-1
. At 50 
o
C, 
the polarization at peak field reduces to 24 μC cm-2 from 38 μC cm-2 (the room temperature 
value), while the remanent polarization and coercive field decrease more significantly. Also 
while at 50 ˚C, the hysteresis is much reduced and the electrostrain decreases to 0.59%. The 
hysteresis in polarization and strain is further reduced upon a temperature increase to 75 and 100 
o
C, but their values at peak field remain almost unchanged.  
The electric fatigue resistance of BNT-2.5Nb was also evaluated at room temperature. As 
shown in Figure 2c and 2d, the polarization and strain at peak field degrade gradually upon 
bipolar cycling. It is noticed that bipolar cycling seems to remove the distortions on the 
polarization loops; this trend is consistent with our previous study on a similar composition.
[15]
 
After 100 cycles, the strain at peak field displays a 17% reduction, indicating a reasonable 
resistance to electric fatigue of the ceramic. It should be pointed out that the ceramic pellet still 
retained its physical integrity after 100 cycles of deformation with strains higher than 0.58%. 
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This is remarkable considering the fact that most polycrystalline ceramics are highly brittle and 
prone to fracture. Future investigations on strain accommodation at grain boundaries in BNT-
2.5Nb should be of interest to the development of fracture-resistant deformable structural 
ceramics.
[16]
  
The highly asymmetric appearance of the strain loops shown in Figure 2b and 2d is likely 
due to the presence of a strong internal bias in the sintered ceramic.
[17]
 A piece of supportive 
information is that the ceramic contains volatile cations and was sintered at a high temperature 
for a prolonged time. A considerable amount of charged point defects are expected to form due 
to the loss of cations to evaporation. As a consequence, asymmetric strain loops appear to be a 
common feature in lead-free oxides.
[18,19]
  
The dielectric properties (Figure S2 in Supplementary Information), room temperature 
polarization and strain loops (Figure S3 in Supplementary Information) of the composition series 
are suggestive of a relaxor behavior of the ceramic series. The BNT-2.5Nb ceramic at room 
temperature appears to sit at the boundary of ergodic and non-ergodic relaxor states
[20]
 and the 
observed giant electrostrain could be a result of electric field-induced phase transitions.  
To verify this, the microstructure of the BNT-2.5Nb ceramic was examined. Scanning 
electron microscope images of the as-sintered ceramic surface reveal a grain morphology that 
suggests a high density (Figure 3a). The average grain size was determined to be 1.9 μm with 
the linear intercept method. X-ray diffraction analysis (Figure 3b) indicates that the ceramic has 
a perovskite structure and the presence of a small shoulder to the left of the (200) peak, a sign for 
tetragonal distortion. The crystal structure of the ceramic was further analyzed in detail with 
electron diffraction through a large range of tilt angles in transmission electron microscopy 
(TEM). A representative grain was examined along its [110], [111], [112] and [001] zone-axes 
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and bright field TEM images along the [111] and [112] zone-axes are shown in Figure 3c and 3d, 
respectively. It is evident that the whole grain is occupied by nanometer-sized domains, 
supporting the macroscopic relaxor behavior. The subtle deviation of the crystal symmetry from 
the ideal perovskite structure can be readily revealed by the presence of superlattice spots in 
selected area electron diffraction patterns.
[21]
 It is noted that ½{ooe}-type (o and e stand for odd 
and even Miller indices, respectively) superlattice diffraction spots, highlighted by bright arrows, 
appear in the [111], [112] and [001] zone-axis patterns (Figure 3f, 3g, 3h); while ½{ooo}-type 
superlattice spots, marked by bright circles, are present in [110] and [112] patterns (Figure 3e 
and 3g). According to our previous analysis on solid solution ceramics in the same family,
[22,23]
 it 
is concluded that the ceramic BNT-2.5Nb is a mixture of rhombohedral R3c and tetragonal P4bm 
phases, both in the form of nanometer-sized polar domains. The existence of the P4bm phase 
corroborates the X-ray diffraction analysis on bulk samples.  
Further, in-situ TEM was employed to verify the electric field-induced relaxor to 
ferroelectric phase transition in the BNT-2.5Nb ceramic. The field application sequence during 
the in-situ TEM test is illustrated on the strain curve under unipolar electric fields on a bulk 
ceramic pellet (Figure 4a) to demonstrate the microstructure-property relationship. It is noted 
that the electrostrain under unipolar fields is 0.65% in this ceramic, corresponding to a d33* value 
of 1300 pm V
-1
. Along the strain curve, several points are marked as Z0, Z1, Z2, Z3, Z4 and Z5, 
which approximately correspond to the conditions where electric field in-situ TEM observations 
were sequentially made. As detailed in our previous work,
[24,25]
 the specimen for in-situ 
observation was specially prepared with two half-circle-shaped gold films as electrodes (Figure 
S4 in Supplementary Information). A representative grain along its <112> zone-axis is selected. 
In its virgin state, corresponding to Z0 on the strain curve shown in Figure 4a, the grain displays 
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nanometer-sized domains (Figure 4b). In the corresponding electron diffraction pattern shown in 
Figure 4h, the presence of both ½{ooo} and ½{ooe} superlattice spots again manifest the co-
existence of the R3c and P4bm phases.  
When an electric field was applied along the marked direction shown in Figure 4c, at a 
level roughly corresponding to point Z1, a jump of polarization and electrostrain takes place; the 
nanometer-sized domains in the interior of the grain transform into lamellar domains. When the 
maximum field during the in-situ experiment is reached, corresponding to point Z2 on the strain 
curve, large lamellar domains consume the entire grain (Figure 4d). In the corresponding 
electron diffraction pattern (Figure 4i), the ½{ooo} superlattice spots are significantly 
strengthened while the ½{ooe} superlattice spots completely disappear. This indicates a 
transition from mixed R3c and P4bm phases with nanometer-sized domains to a single 
rhombohedral R3c phase with micrometer-sized domains,
[26]
 an electric field-induced relaxor to 
ferroelectric phase transition. Assisted with the [112] stereographic projection map, the walls of 
these lamellar domains are determined to be on the inclined {01̅1} crystallographic plane. 
Therefore, they are likely to be 71
o
 domains.  
At point Z3 during unloading of the electric field, nanometer-sized domains return to a 
major portion of the grain and lamellar domains are primarily seen in the central portion (Figure 
4e). At point Z4 where the applied electric field returns to 0 kV cm
-1
, most of the grain is 
occupied by nanometer-sized domains (Figure 4f). Meanwhile, the ½{ooe} superlattice spots 
reappear in the electron diffraction pattern. This indicates that the electric field-induced phase 
transition is reversible
[27]
 in most of the grain. The residual lamellar domains in the center of the 
grain are quite stable, remaining there even after four days (Z5, Figure 4g). The remaining R3c 
lamellar domains at zero field correlate very well with the small remanent polarization and strain 
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observed in bulk samples. The in-situ experimental results shown in Figure 4 are reproducible, as 
exemplified by the observation on another grain in the same specimen (Figure S5 in 
Supplementary Information).  
The combined property measurement and microstructure investigation suggests that the 
BNT-2.5Nb ceramic, in its virgin state at room temperature, is primarily an ergodic relaxor with 
weak non-ergodic behavior.
[20]
 It appears to belong to the class of so-called incipient 
piezoelectric materials where large electrostrains are mainly from reversible electric field-
induced phase transitions.
[8,20]
 The minor irreversible portion, manifested by the residual R3c 
lamellar domains in the BNT-2.5Nb ceramic, is important to reducing the critical field for the 
phase transition. Specifically, such a ferroelectric core with a relaxor shell grain structure (Figure 
4f and 4g) is exactly what had been sought after in previous studies with intentional composition 
heterogeneity.
[28,29]
 It should be pointed out that the BNT-2.5Nb ceramic reported here is 
presumably homogeneous in composition across the grain. The residual ferroelectric R3c 
lamellar domains in the center of the grain act as the seed during the relaxor to ferroelectric 
phase transition under applied field. Skipping the nucleation stage considerably facilitates the 
phase transition and effectively reduces the critical field. Together with the large electrostrain 
resulting from the reversible phase transition, an exceptionally high d33* property is achieved. 
Apparently, the internal bias field from extensive charged point defects seems to play a 
synergistic role in producing a large electrostrain.
[30]
  
 
6.3 Conclusions 
In summary, giant electrostrains (up to 0.70%) and d33* (up to 1400 pm V
-1
) with good 
temperature stability and fatigue resistance are observed in a non-textured polycrystalline 
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(Bi1/2Na1/2)TiO3-based ceramic, which is fabricated with simple and low-cost pressureless 
sintering. These property values are even comparable to some of the best performing lead-free 
ferroelectric single crystals. In support of the electrical measurements, the electric field in-situ 
TEM study reveals that such a high strain is originated from phase transitions between the 
ergodic relaxor phases in the form of mixed R3c and P4bm nanometer-sized domains and the 
ferroelectric R3c phase in the form of lamellar domains. The remanent ferroelectric R3c phase at 
zero field serves as the seed for the transition, significantly reducing the critical field and hence 
leading to an ultrahigh d33*. This discovery will stimulate further research on large-strain lead-
free oxides for actuators and also inspire exploration of fracture-resistant deformable ceramics 
for structural applications.  
 
6.4 Experimental section  
Polycrystalline ceramics of [Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04(Ti1-xNbx)O3 (x = 0.020, 0.023, 
0.025, 0.028, and 0.030) were fabricated via the solid state reaction method. Powders of Na2CO3 
(≥99.9 wt.%), K2CO3 (≥99.0 wt.%), Bi2O3 (≥99.9 wt.%), TiO2 (≥99.99 wt.%), SrCO3 (≥99.99 
wt.%), and Nb2O5 (≥99.99 wt.%) were used as starting raw materials. The powders were mixed 
in ethanol according to stoichiometry and milled for 7 hours on a vibratory mill. After drying the 
mixture was calcined twice at 850 
o
C for 3 hours, and then sintered at 1175 
o
C for 3 hours. Two-
step sintering was also experimented and similar large electrostrains were observed.  
Silver films were sputtered on the surfaces of ceramic pellets as electrodes before 
electrical measurements. Dielectric constant, εr, and loss tangent, tanδ, were measured with an 
LCR meter. The polarization hysteresis loops were recorded using a standardized ferroelectric 
test system at 4 Hz at room temperature with a peak field of 50 kV cm
-1
. The longitudinal strain 
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developed under electric field in the form of a triangular wave of 100 mHz with the amplitude of 
50 kV cm
-1
 was monitored by an MTI-2000 fotonic sensor. The electric fatigue experiment was 
conducted on bulk specimens at room temperature with bipolar electric fields of 50 kV cm-1 at 
4 Hz.  
X-ray diffraction was performed to analyze the crystal structure and scanning electron 
microscopy was carried out to examine the surfaces of the as-sintered ceramic pellets. For the 
electric field in-situ TEM test, as-sintered ceramic pellets were mechanically ground and 
polished down to 120 μm thick, and then ultrasonically cut into disks with a diameter of 3 mm. 
After mechanical dimpling and polishing, the disks were annealed at 250 
o
C for 2 hours and Ar-
ion milled to the point of electron transparency. In-situ TEM observations were carried out on a 
Phillips CM30 microscope operated at 200 kV. Detailed experimental setup can be found in 
Figure S4 in Supplementary Information and in our previous reports.
[15,24-27]
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Figure 1.  Comparison of lead-free solid solution families against their electrostrains and 
d33*. Lead-based ceramic oxides are also included for reference. The data are 
compiled from the open literature, including Refs. 5-7, 10-14.  
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Figure 2. The polarization and strain developed under bipolar electric fields of 50 kV 
cm-1 in the BNT-2.5Nb polycrystalline ceramic. (a) and (b) at temperatures of 
25, 50, 75, and 100 
o
C. (c) and (d) at a series of cycles of bipolar fields at 25 
o
C. Error bars for polarization and strain are of the order of the size of the 
symbols and not shown. 
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Figure 3. Structure examination of the BNT-2.5Nb ceramic. (a) scanning electron 
microscopy micrograph of the as-sintered pellet surface. (b) X-ray diffraction 
spectrum. (c) through (h) TEM analysis of a representative grain. Bright field 
images of the grain are displayed along the [111] zone-axis in (c) and along 
the [112] zone-axis in (d) under the same magnification. The selected area 
electron diffraction patterns were recorded from this grain under (e) [110], (f) 
[111], (g) [112], and (h) [001] zone-axes. The ½{ooo} and ½{ooe} 
superlattice diffraction spots are highlighted by bright circles and bright 
arrows, respectively. 
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Figure 4. Electric field-induced phase transition revealed by strain measurement and in-situ 
TEM observation. (a) The strain developed in the BNT-2.5Nb ceramic under 
unipolar fields. The points on the strain curve, Z0, Z1, Z2, Z3, Z4, and Z5, indicate 
the fields under which corresponding in situ TEM observations are recorded in 
sequence. Z0, Z4, and Z5 are overlapping at zero field, Z0 represents the virgin state, 
Z4 marks the condition where the applied field is just removed, while Z5 
corresponds to the condition where the specimen is kept in the TEM chamber for 
four days at zero field. (b) through (g) in-situ TEM bright field micrographs of a 
representative grain oriented along the [112] zone-axis corresponding to conditions 
Z0 through Z5, respectively. The selected area electron diffraction patterns are 
displayed in (h) for the virgin state (Z0) and in (i) at the peak field (Z2). The 
positive direction of applied fields in the TEM experiment is indicated by the 
bright arrow in (c). The ½{ooo} and ½{ooe} superlattice diffraction spots are 
highlighted by bright circles and the bright arrow in (h) and (i) respectively.  
 
114 
 
114 
Supplementary Information 
 
 
Figure S1. Structure of the [Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04(Ti1-xNbx)O3 ceramics fabricated in 
this study with x = 0.020, 0.023, 0.025, 0.028, and 0.030 (denoted as 100xNb). (a) 
X-ray diffraction analysis of ceramic series. The scanning electron microscopy 
micrograph of the 2.0Nb ceramic is displayed in (b) while that of 3.0Nb is shown 
in (c). (d) bright field TEM image of the 2.0Nb ceramic with a grain aligned along 
its [112] zone-axis. (e) bright field TEM image of the 3.0Nb ceramic with a grain 
aligned along [112]. The selected area electron diffraction patterns are displayed as 
insets in (d) and (e) with bright circles and arrows indicating ½{ooo} and ½{ooe} 
superlattice diffraction spots, respectively.   
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Figure S2. Dielectric constant (εr) and loss tangent (tan δ) with respect to temperature on 
representative compositions. Measurements were taken at 1, 10, 100 kHz during 
heating of unpoled (a, c, e) and poled (b, d, f) ceramics. Poling was conducted at 
room temperature under a DC field of 50 kV cm
-1
 for 10 minutes. Error bars for 
εr and tanδ are smaller than the symbols and not shown.  
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Figure S3. Polarization and strain developed under bipolar electric fields of 50 kV cm-1 
at room temperature in representative compositions. (a) polarization vs. 
electric field curves and (b) strain vs. electric field curves for 2.0Nb, 2.5Nb, 
and 3.0Nb ceramics, respectively. Error bars for polarization and strain are of 
the order of the size of the symbols and not shown.  
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Figure S4. The electric field in-situ TEM technique. (a) schematic illustration of the 
specimen configuration for the electric field in-situ TEM experiment. The 
examined regions at the perforation are marked in red. (b) schematic 
illustration of the connection of the high-voltage power supply to the TEM 
specimen. (c) photograph of the tip of the electric field in-situ TEM specimen 
holder used in the present study. The Pt thin wires in (a) are connected to the 
two electrical contacts indicated by the dark arrows. 
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Figure S5. In-situ TEM results on another grain of the BNT-2.5Nb ceramic along the [112] 
zone-axis. (a) and (b) the morphology of domains and the selected area electron 
diffraction pattern at the virgin state. (c) and (d) the morphology of domains and 
the selected area electron diffraction pattern at the peak field. (e) and (f) the 
morphology of domains and the selected area electron diffraction pattern after 
the field is removed. The positive direction of applied fields in the TEM 
experiment is indicated by the bright arrow in (c). Bright circles and short arrows 
in (b) represent the ½{ooo} and ½{ooe} superlattice diffraction spots, 
respectively.  
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CHAPTER 7. GIANT STRAIN WITH LOW FATIGUE DEGRADATION IN 
TA-DOPED [Bi1/2(Na0.8K0.2)1/2]TiO3 LEAD-FREE CERAMICS 
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Xiaoming Liu, and Xiaoli Tan 
 
 
 
Abstract 
The magnitude of electrostrain and its stability against electrical cycles are critical factors when 
considering lead-free piezoceramics for applications in actuators. In this letter, non-textured 
polycrystalline ceramics of [Bi1/2(Na0.8K0.2)1/2](Ti1-xTax)O3 are fabricated and their electrical 
properties are characterized. A giant electric field-induced strain of 0.62% is observed at an 
applied field of 50 kV/cm, corresponding to a large-signal piezoelectric coefficient d33* of 1240 
pm/V. These values are greater than the previously reported lead-free polycrystalline ceramics 
and can even be compared to some lead-free piezocrystals. In addition, the ceramics display low 
fatigue degradation; its electrostrain remains above 0.55% even after undergoing 10,000 cycles 
of bipolar fields of 50 kV/cm. The results demonstrate the great potential of Ta-doped 
[Bi1/2(Na0.8K0.2)1/2]TiO3 ceramics for actuator applications.  
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7.1 Introduction 
Electroceramics can develop strains under applied electric fields through the piezoelectric, 
or the electrostrictive, effect.
1,2
 These materials have been exploited for applications in 
actuators.
3
 In the past six decades, lead-containing compositions, such as those based on Pb(Zr1-
xTix)O3 and Pb(Mg1/3Nb2/3)O3, have been the material of choice in commercial devices.
4,5
 
However, the environmental concern associated with the toxicity of lead has stimulated an 
intensive worldwide search for lead-free compositions with comparable electrical performances.
6
  
Among the lead-free solid solution systems reported in the literature, (Bi1/2Na1/2)TiO3-
based compositions
7,8
 seem to be more likely to develop ultrahigh strains under applied electric 
fields.
9,10,11
 For example, Zhang et al. in 2007 reported a giant electrostrain of 0.45% in the 
polycrystalline ceramic 0.92(Bi1/2Na1/2)TiO3–0.06BaTiO3–0.02(K0.5Nb0.5)NbO3 at an applied 
field of 80 kV/cm.
9
 Since then, even higher strains (0.48%) have been reported,
12,13,14,15
 which 
are most often developed in modified [Bi1/2(Na1-xKx)1/2]TiO3 compositions.
16,17
 The abnormally 
large electrostrains, even higher than those in piezoelectric Pb(Zr1-xTix)O3 and electrostrictive 
Pb(Mg1/3Nb2/3)O3, trace their origin to the unique P4bm relaxor ferrielectric phase
18,19,20
 in the 
base compound (Bi1/2Na1/2)TiO3. Under applied electric fields, the relaxor phase with nanometer-
sized domains transforms into the ferroelectric phase with micrometer-sized domains.
8
 When this 
phase transition is reversible, the associated volume change leads to ultrahigh longitudinal 
electrostrains.
21
  
It should be noted that the large electrostrains noted in previous reports were realized 
under intense electric fields,
15
 indicating a mediocre value of the large-signal piezoelectric 
coefficient d33*. Often times the fields are close to the dielectric breakdown strength or the 
required voltage exceeds the operation limit of an actuator. Very recently, it was discovered that 
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a large electrostrain of 0.438% can be realized at a moderate electric field of 50 kV/cm, 
corresponding to a remarkable d33* value of 876 pm/V, in a Sr and Nb co-doped 
[Bi1/2(Na0.84K0.16)1/2]TiO3 ceramic.
22
 It appears that Sr enhances d33* by shifting the 
depolarization temperature Td toward room temperature.
23
 The contribution of Nb lies in its 
donor dopant nature, suppressing oxygen vacancy formation and transforming the mixed 
rhombohedral and tetragonal phases into a pseudocubic relaxor phase.
24
 We finely tuned the 
composition and optimized the thermal processing, and then developed an extremely large strain 
of 0.70% at 50 kV/cm in [Bi1/2(Na0.84K0.16)1/2]0.96Sr0.04(Ti0.975Nb0.025)O3.
25
 The electrostrain and 
d33* observed in this conventionally sintered, non-textured polycrystalline ceramic are 
comparable even to lead-free single crystals.
26
  
The Sr and Nb co-doped [Bi1/2(Na1-xKx)1/2]TiO3 ceramics have complex compositions 
(containing six cations), which can lead to difficulties in large scale production with reproducible 
properties. It has been shown that Ta-doping in (Bi1/2Na1/2)TiO3-based compositions cause the 
ceramics to behave very similarly to the Nb donor dopant, while at the same time leading to a 
reduced Td.
27,28
 In other words, Ta combines the doping effects of Sr and Nb and simplifies the 
composition of [Bi1/2(Na1-xKx)1/2]TiO3-based ceramics. In this letter, Ta-doped 
[Bi1/2(Na0.8K0.2)1/2]TiO3 lead-free ceramics are fabricated, and their electrostrains and d33* are 
evaluated against those Sr and Nb co-doped compositions. In addition, since fatigue degradation 
is one of the most important concerns for actuator applications,
29
 meantime, lead-free 
compositions appear to have distinct behaviors from Pb(Zr1-xTix)O3 ceramics,
30,31,32
 the evolution 
of the electrostrain under bipolar cyclic fields is also investigated.  
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7.2 Experimental and methods 
Polycrystalline ceramics of [Bi1/2(Na0.8K0.2)1/2](Ti1-xTax)O3 (x = 0.01, 0.015, 0.02, 0.03; 
abbreviated as BNKT-100xTa) were fabricated using the solid state reaction method. Raw 
materials of Na2CO3 (≥99.9 wt.%), K2CO3 (≥99.0 wt.%), Bi2O3 (≥99.9 wt.%), TiO2 (≥99.99 
wt.%), and Ta2O5 (≥99.99 wt.%) were mixed in ethanol according to stoichiometry and milled in 
a vibratory mill for 6 hours. After drying, the mixture was calcined at 850 
o
C for 3 hours. 
Sintering was conducted at a series of conditions and that at 1150 
o
C for 3 hours was found to 
produce the best electrostrains. It should be pointed out that this condition is different from the 
previous report.
28
  
The crystal structure of the sintered ceramic was analyzed by X-ray diffraction (Model 
D500, Siemens, Germany) and the grain morphology was examined with scanning electron 
microscopy (SEM, FEI Quanta 250). Electrical property measurements were carried out on 
specimens with silver film electrodes. The dielectric constant, εr, and loss tangent, tan δ, were 
measured using an LCR meter (HP-4284A, Hewlett-Packard) at frequencies of 1, 10 and 100 
kHz and a heating rate of 4 
o
C/min. The polarization (P) developed under electric field was 
recorded by a standardized ferroelectric test system (RT-66A, Radiant Technologies) at a peak 
field of 50 kV/cm at 4 Hz. The longitudinal strain developed under the electric field in the form 
of a triangular wave of 0.1 Hz was monitored by an MTI-2000 Fotonic Sensor (MTI Instruments 
Inc.). In addition, the electric fatigue test at 50 kV/cm and 2 Hz was conducted on the 
composition with the best electrostrain.  
 
123 
 
123 
7.3 Results and discussion 
X-ray diffraction analysis of the ceramics (results are not shown here) demonstrates a 
perovskite structure without impurity phases. It should be noted that the base composition 
[Bi1/2(Na0.8K0.2)1/2]TiO3 is at the morphotropic phase boundary with mixed rhombohedral and 
tetragonal phases.
16,17
 Apparent peak splitting can still be seen at 2θ around 46o in low Ta content 
ceramics, confirming the presence of the tetragonal distortion of the perovskite structure. In 
BNKT-2.0Ta and BNKT-3.0Ta, however, the peaks tend to merge which suggest a transition to 
pseudocubic symmetry. The incorporation of Ta seems to suppress the lattice distortion. The 
grain morphology of the as-sintered ceramics is presented in Fig. 1 for selected compositions. 
The average grain size, determined by the linear intercept method, is 1.25 and 1.29 m for 
BNKT-1.5Ta and BNKT-3.0Ta, respectively. It seems that the introduction of Ta does not 
impact the grain size of the ceramic. The relative density of all sintered ceramics, assisted by 
Archimedes method, is higher than 95%.  
Figure 2 shows the dielectric constant, εr, and loss tangent, tan δ, with respect to 
temperature at 1, 10, and 100 kHz for BNKT-1.5Ta and BNKT-3.0Ta. The strong frequency 
dispersion in εr suggests a relaxor characteristic for both ceramics. The incorporation of Ta shifts 
Td, the depolarization temperature, downwards to room temperature, but has a limited effect on 
Tmax, the temperature where εr peaks. Further, the dielectric constant peak at Tmax is suppressed 
and flattened in ceramics with a higher Ta concentration.  
The polarization and strain hysteresis loops under a peak field of 50 kV/cm are shown in 
Fig. 3 for all compositions. BNKT-1.0Ta displays a severely distorted P vs. E hysteresis loop 
with a large remanent polarization (Pr) of 30 μC/cm
2
 and a maximum polarization (Pmax) of 42 
μC/cm2. The fast reduction in polarization in the 1st and the 3rd quarter cycles of field may be 
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related to a reverse phase transition.
33
 Correspondingly, the strain curve takes a typical 
butterflied shape. In the ceramic of BNKT-1.5Ta, Pr is reduced to 10 μC/cm
2
, whereas Pmax 
almost remains the same. In the meantime, the strain loops appear in a sprout shape. Most 
importantly, the electrostrain under the positive peak field of 50 kV/cm, denoted as S+,max, is 
0.62%. This remarkable value is 29% higher than the best electrostrain (0.48%) observed in 
previous polycrystalline lead-free ceramics, both textured and non-textured.
10,12,15
 The 
corresponding d33* is 1240 pm/V, a 42% enhancement over the best value reported in literature 
for (Bi1/2Na1/2)TiO3-based compositions.
22
 Such a giant electrostrain and ultrahigh d33* are even 
comparable to some (Bi1/2Na1/2)TiO3-based single crystals.
26
 The strain in the BNKT-1.5Ta 
ceramic was also measured under unipolar electric fields and the result is shown in the inset in 
Fig. 3(b). A giant value of 0.56% is recorded at 50 kV/cm. Based on previous studies,
21,25
 it is 
suggested that the extremely large electrostrain in BNKT-1.5Ta is a result of the reversible 
relaxor to ferroelectric phase transition. It should be noted that the strain curve under bipolar 
fields is highly asymmetric, which is presumably due to internal biases resulting from charged 
point defects.
25
 Aliovalent doping and thermal vapor loss of volatile cations are the two apparent 
sources for these point defects. In fact, asymmetric strain hysteresis loops seem to be common in 
lead-free ceramics.
34,35
  
With a further increase in Ta concentration, the remanent polarization diminishes. The 
Pmax decreases to 32 and 26 μC/cm
2
 for x = 0.02 and 0.03, respectively. In the meantime, S+,max 
becomes 0.47% for BNKT-2.0Ta and 0.15% for BNKT-3.0Ta.  
The ceramic of BNKT-1.5Ta was further tested under bipolar cyclic fields at room 
temperature. The polarization and strain hysteresis loops at different electrical cycles are shown 
in Fig. 4. It is evident that the shape of the loops is largely preserved and only minor amounts of 
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decrease in the polarization and strain at peak field are seen. Figure 5 displays the change of Pmax, 
Pr, Ec, and S+,max as a function of N, the number of electrical cycles. It is obvious that Pmax 
undergoes a fast degradation during the very first 5 cycles, and then stays constant. 
Correspondingly, Ec increases at the beginning and then stabilizes. In contrast, Pr slowly 
increases with N, which may be a sign of stabilization of the ferroelectric phase through 
accumulation of charged point defects during electric fatigue.
32
 Meanwhile, S+,max gradually 
decreases to 0.55% after 10,000 cycles at 50 kV/cm (an 11% reduction from 0.62%), indicating 
an excellent resistance of BNKT-1.5Ta to fatigue degradation. It should also be mentioned that 
lead-free ceramics are usually brittle and cannot tolerate much deformation. It is highly unusual 
for the BNKT-1.5Ta polycrystalline ceramic to retain its physical integrity after 10,000 times 
deformation under electric fields with strains above 0.55%. These remarkable fatigue properties 
make BNKT-1.5Ta particularly attractive for actuator applications.  
 
7.4 Conclusions 
In summary, a giant electric field induced strain of 0.62% is observed under a moderate 
field of 50 kV/cm, which corresponds to a d33* of 1240 pm/V, in a Ta-doped 
[Bi1/2(Na0.8K0.2)1/2]TiO3 non-textured polycrystalline ceramic fabricated with the simple solid 
state reaction method. These remarkable values are even comparable to some lead-free 
ferroelectric single crystals. Such a giant electrostrain is suggested to be originated from the 
reversible relaxor to ferroelectric phase transition. Furthermore, the ceramic exhibits a strong 
fatigue resistance with only 11% degradation in electrostrain after 10,000 bipolar electrical 
cycles. These results demonstrate that Ta-doping can replace Sr and Nb co-doping in order to 
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simplify the chemical composition, and Ta-doped [Bi1/2(Na0.8K0.2)1/2]TiO3 ceramics are very 
promising for applications in next generation actuators.  
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Figures 
 
 
 
Fig. 1. SEM micrographs of the BNKT-1.5Ta and BNKT-3.0Ta ceramics. 
 
 
Fig. 2. Dielectric constant, εr, and loss tangent, tan δ, with respect to temperature 
measured during heating of the BNKT-1.5Ta and BNKT-3.0Ta ceramics. Error 
bars are smaller than the size of the symbols.  
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Fig. 3. (a) Polarization vs. electric field and (b) strain vs. electric field hysteresis loops of 
the BNKT-100xTa ceramics (x = 0.01, 0.015, 0.02, and 0.03) measured at room 
temperature. The inset in (b) is the strain curve for BNKT-1.5Ta under unipolar 
fields at room temperature. Error bars for polarization and strain are of the order 
of the size of the symbols and not shown. 
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Fig. 4. (a) Polarization hysteresis loops and (b) strain hysteresis loops at different bipolar 
cycles during the electric fatigue test of BNKT-1.5Ta at room temperature. Error 
bars for polarization and strain are of the order of the size of the symbols and not 
shown.  
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Fig. 5. (a) Pmax, the polarization at peak field of 50 kV/cm, and Pr, the remanent polarization, 
(b) Ec, the coercive field, and (c) S+,max, the electrostrain at the positive peak field of 
50 kV/cm, as a function of N, the number of electrical cycles during electric fatigue. 
Error bars are smaller than the size of the symbols.  
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CHAPTER 8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE 
WORK 
 
8.1 General conclusions 
With the primary motivation to develop high performance lead-free piezoelectric 
materials, this dissertation presents the enhanced electrical performances, including dielectric, 
ferroelectric and piezoelectric properties, in the chemical modified piezoceramics. The evolution 
of the crystal structure and domain morphology has been thoroughly investigated. Meanwhile, 
the origin of the abnormally large electrostrain in BNT-based system is revealed by the in-situ 
TEM technique. Overall, the study achieved its goal in three stages.  
First, excellent electrical properties were demonstrated. Through the introduction of the 
chemical modifications, binary solid solutions A-site doped BaTiO3 ceramics display a decrease 
in piezoelectricity, however, a significantly increased d33 is achieved in La modified BNT-5BT 
piezoelectrics. In the meantime, stabilized dielectric permittivity and extremely low loss tangent 
which are almost temperature independent have been revealed in a widely broadened 
temperature range in both of these two systems, indicating they are promising for capacitor 
applications. Besides, large electric field induced strain with good temperature stability has been 
harvested in the BNT-based systems which are beneficial for the linear displacement actuator 
applications. It should be noted that the abnormally giant electrostrains developed in the Sr and 
Nb co-doped BNT-KBT and the Ta modified BNT-BKT polycrystalline ceramics, fabricated via 
the solid solution reaction method under optimized processing of finely tuned compositions, are 
even comparable to some lead-free single crystals. In addition, strong fatigue resistance is 
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observed with weak polarization and strain degradation after cycling, indicating they are 
promising for commercial applications.  
The second stage of the study focused on the crystal structure and microstructure analyses. 
The (Bi1/2A1/2)TiO3 (A = Ag, Li, Na, K, Rb, Cs) doping compounds stabilized the tetragonal 
phase in BaTiO3, in contrast, the donor dopants in BNT-based ceramics induced phase 
transitions. Combining the electrical properties and the evolution of microstructure revealed by 
the TEM, La is found to trigger phase transitions for the base composition, 
(Bi1/2Na1/2)0.95Ba0.05TiO3, from a normal ferroelectric to a non-ergodic relaxor and then to an 
ergodic relaxor. More specifically, the introduction of La transforms the BNT-5BT from R3c 
phase with complex ferroelectric domains to R3c and P4bm mixed phases with nanometer sized 
domains. In addition, similar composition dependent phase transitions were also observed in Nb 
and Sr co-doped BNT-BKT and Ta modified BNT-BKT ceramics. It is well known that the base 
composition Bi1/2(Na1-xKx)1/2TiO3 (0.16≤ x ≤ 0.20) is located at the morphotropic phase 
boundary with mixed rhombohedral and tetragonal symmetries. However, the donor dopants 
suppress the lattice distortion in BNT-BKT, resulting in a trend to become pseudocubic. 
Meanwhile, BNT-BKT ceramics undergo a phase transitions from a non-ergodic relaxor to an 
ergodic relaxor with the increase in chemical modifications. It should be noted that the best 
electric field induced strains are always developed in the ergodic relaxor phase close to the 
transition. This remarkable electrostrain is supposed to be originated from the reversible 
ferroelectric to ergodic relaxor phase transition under electric field. Furthermore, electrical 
cycling seems to favor the ferroelectric phase and presents limited effect on the polarization and 
electrostrain. Thus, strong fatigue resistance is realized in Nb and Sr co-doped BNT-BKT and Ta 
doped BNT-BKT ceramics. 
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Finally, the electric field in-situ TEM technique was employed to probe the microscopic 
origin of the giant electrostrain. This study is focused on the composition of BNT-2.5Nb. At 
virgin state, the grain of BNT-2.5Nb ceramic displays nanodomains with the co-existence of the 
R3c and P4bm phases. Corresponding to the sudden increase of polarization and electrostrain in 
the hysteresis loops, the nanometer-sized domains in the interior of the grain transform into 
lamellar domains with microscale when a sufficient electric field is applied. Then the lamellar 
domains thoroughly occupy the entire grain when the electric field reaches its maximum. 
Accompanied with the domain morphology change, a phase transition takes place from the 
mixed R3c and P4bm phases to a single rhombohedral R3c phase. Upon unloading of the applied 
electric field, the aligned large domains gradually disrupt back to the origin nanodomains. When 
the applied electric field returns to 0 kV/cm, the studied grains primarily display nanodomains 
with mixed R3c and P4bm phases, leaving a small portion of residual lamellar domains which is 
single R3c phase. Electron diffraction patterns are utilized to identify the phase structure 
according the oxygen octahedral tilting. These electric field in-situ experimental results reveal 
and confirm that the giant electrostrain is originated from the reversible phase transition between 
the ergodic relaxor phase and the ferroelectric phase. These discoveries will guide and stimulate 
further research on functional piezoelectric ceramics with remarkable electrical properties.  
 
8.2 Suggestions for future studies 
In this study, excellent dielectric, piezoelectric, ferroelectric and electrostrictive 
properties were developed and the evolution of the microstructure with respect to composition 
and applied electric field is investigated. Electric field in-situ TEM technique is employed to 
understand the mechanism of the abnormally giant electrostrain with a microscopic insight, and 
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hence demonstrates the power and significance of this tool. Based on the research in this 
dissertation, some crucial issues need to be studied further and the following future work is 
suggested: 
As shown and discussed in Chapter 6 and 7, the strain vs. electric field hysteresis loops of 
BNT-Nb and BNKT-Ta are highly asymmetric, resulting in ultrahigh electrostrain at positive 
peak electric field. The asymmetry is understood by the contribution of the internal bias resulted 
from the charged point defects. Aliovalent doping, which causes A-site vacancies, and the loss of 
volatile cations, attributed to high temperature sintering, are considered to be the sources of these 
point defects. However, this assumption has yet to be confirmed directly by the microstructure 
observations. The future study may focus on the behavior and evolution of the defects during 
loading/unloading of electric fields. For this purpose, high resolution TEM and electric field in-
situ TEM operation are suggested. 
Fatigue is one of the most critical factors to evaluate the ceramics for commercial 
applications. After electrical cycling, significant degradation of electrical properties is usually 
accompanied in lead-free piezoceramics. In this dissertation, remarkable strong fatigue resistance 
has been observed which would be beneficial for the ceramics applications. Nevertheless, the 
fatigue mechanisms in these ceramics are not well understood which may be distinct to the lead-
containing piezoelectrics. According to the discussion above, the development of the extremely 
large electrostrain is attributed to the defects inside the materials. However, it is well known that 
defects are always one of the most critical factors of the performance degradation. Thus, the 
investigation on microstructure is significant. Since the volume deformation of grain is 
associated with domain alignment or switching, the behaviors of the domains under electric 
cycling are the key to illustrate the microstructural origin for fatigue. Therefore, it is suggested 
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that electric field in-situ TEM technique may be exploited to explore the mechanism of the 
domain evolution during fatigue.     
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